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ABSTRACT
Characterization of Dissolved Organic Carbon in Lake Mead
by 
Yixin Wei
Dr. Spencer M. Steinberg, Examination Committee Chair 
Professor of Chemistry 
University o f Nevada, Las Vegas
Lake Mead is located in the Mojave Desert and provides water for several states 
in the southwestern U.S. Although most o f the water in Lake Mead originates from the 
Colorado River, there are several minor sources o f water, such as the Virgin River, the 
Muddy River, and the Las Vegas Wash, that could impact water quality. The principal 
objective o f this study was to obtain new and fundamental information about dissolved 
organic carbon (DOC) in the Lake. This study focuses on the development o f 
concentration methods for aquatic humic substances (HS, major components o f DOC), 
and the characterization of HS using various analytical methods that are capable o f 
elucidating their unique molecular signatures that indicate their sources. Both 
evaporative concentration and solid phase extraction (using Discovery® DPA-6 S resin) 
methods have been utilized to obtain HS from the Lake. The limitations o f both 
approaches are elucidated. Characterization methods include fluorescence (synchronous 
and excitation-emission matrix), UV-Visible, and IR spectroscopy, high-performance 
size exclusion chromatography (HPSEC), tétraméthylammonium hydroxide (TMAH)
iii
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thermochemolysis GC-MS and pyrolysis GC-MS. To better reveal characteristics o f HS 
in the Lake, site profiles, depth profiles, and seasonal variations are investigated. 
Finally correlation analyses among the different parameters have also been examined. 
Overall, the HS samples from the four sources (especially the Las Vegas Wash), near 
the confluence of the Las Vegas Wash in Las Vegas Bay, and close to the lakeshore 
have been found to have different properties compared with those toward the center of 
the Lake.
IV
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CHAPTER 1
INTRODUCTION
1.1 General Information (Definitions)
1.1.1 DOC and POC 
Organic carbon in natural waters consists o f dissolved organic carbon (DOC) 
and particulate organic carbon (POC). DOC can be separated from POC by many 
techniques, such as sedimentation, centrifugation, and filtration (Wetzel, 1983; 
Leenheer et al., 2003). In most studies, DOC is defined arbitrarily as the organic carbon 
smaller than 0.45 pm (or 0.5 pm) in diameter, and POC is the fraction retained on the 
0.45-pm (or 0.5-pm) porosity membrane (Leenheer et al., 2003; Peuravuori et al., 2000; 
Frimmel, 2000; Wetzel, 1983; Wetzel et al., 2000). Therefore, in addition to truly 
dissolved organic carbon, DOC concentrations frequently include a significant colloidal 
fraction (which ranges from about a few nanometers to around a few micrometers in 
dimension) (Wetzel et al., 2000; Wetzel, 1983; Schwarzenbach et al., 1993). The 
metabolism of biota creates a series o f reversible fluxes between the dissolved and 
particulate phases o f detrital carbon. A ratio o f approximately 10:1 for DOC to POC is 
almost universal in the open water o f both lake and stream ecosystems (Wetzel et al., 
2000; Leenheer et al., 2003).
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1.1.2 Nonhumic and Humic Substances 
DOC can be classified roughly into two types: nonhumic and humic substances. 
Nonhumic substances are well-known compounds that include amino acids, 
hydrocarbons, carbohydrates, fats, waxes, resins, and low-molecular-weight acids. 
These substances generally are labile, that is, relatively easily utilized and degraded by 
microorganisms. Because of rapid rates o f utilization and turnover, the instantaneous 
concentrations o f nonhumic substances in water are usually very low (Peuravuori et al., 
2000; Wetzel, 1983).
Humic substances (HS) are comprised of a general class o f biogenic, dark- 
colored and acidic compounds that are ubiquitous in soil, sediment and water (Allard et 
al., 1991; Wetzel, 1983). Their molecular weights can range fi-om a few hundred to 
100,000 Daltons (Da) (Leenheer et al., 2003; Pelekani et al., 1999). HS are formed 
largely as a result of microbial activity on plant and animal materials, but further 
polymerization can occur abiotically. The resulting compounds are relatively resistant 
to further microbial degradation and tend to persist in aquatic systems (Wetzel, 1983). 
In most natural waters, about 40 - 60 % of the DOC is composed of HS (Perminova et 
al., 2003; Leenheer et al., 2003; Nikolaou et al., 2001; Mobed et al., 1996; Sachse et al., 
2001).
Based on their pH-dependent solubility, soil humic substances are traditionally 
separated into three fractions (Peuravuori et al, 2000; Wetzel, 1983):
• Humic acid: the fraction of HS that is not soluble in water under acidic 
conditions (pH < 2.0), but is soluble at higher pH values;
• Fulvic acid: the fraction of HS that is soluble in water under all pH conditions;
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• Humin: the fraction of HS that is not soluble in water at any pH value.
HS have been shown to be heterogeneous, consisting of numerous oxygen- 
containing functional groups, including acids (primarily carboxyUc and phenolic), 
carbonyl, hydroxyl and others (Table 1.1). Carboxylic acid groups are without doubt the 
most important functional groups in humic acid and fulvic acid, because they contribute 
to the solubility and acidity of these substances (Gardea-Torresdey et al., 1995; 
Peuravuori et al., 2000). An illustration of carboxyl and hydroxyl groups involved is 
shown in Fig. 1.1.
Table 1.1 Important Functional Groups of Aquatic HS 
(Modified from Peuravuori et al., 2000)
Functional Group Structure
Carboxylic acid (Ar-)R-COOH
Phenolic OH Ar-OH
Enolic hydrogen (Ar-)R-CH=CH-OH
Quinone
- o -
Amine (Ar-)R-CH2-NH;
Amide (Ar-)R-CO(-NH-R)
Imines (Ar-, R-)H-CH=NH (unstable, 
forming polymeric derivatives)
Alcoholic OH (Ar-)R-CH2-OH
Ether (Ar-)R-CH2-0-CH2-R
Ketone (Ar-)R-C=0(-R)
Aldehyde (Ar-)R-C=0(-H)
Ester, lactone (Ar-)R-C=0(-0R)
Cyclic imides (R-)0=C-NH-C=0(-R)
R is aliphatic backbone and Ar is aromatic ring. It is notable that the 
backbone may be R or Ar but mostly it is their combination.
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Figure 1.1 Different Possible -COOH and -O H  Groups in a Hypothetical 
Humic Acid Polymer (Adopted from Stumm et al., 1996)
In addition to various functional groups, the macromolecular structure o f HS 
comprises aromatic and aliphatic building blocks that are randomly condensed or linked 
by oxygen, nitrogen, or sulphur bridges. Macromolecular HS also contain hydrophilic 
as well as hydrophobic sites. Surface activity is a very important property o f aquatic HS 
when they promote interactions, especially with hydrophobic organic pollutants 
(Peuravuori et al., 2000).
1.2 Formation and Sources of Aquatic Humic Substances 
In most environments, the majority o f dead biomass is converted to carbon 
dioxide during the process o f mineralization. However, mineralization is rarely 
complete, and therefore organic matter accumulates in the form of HS (Tipping, 2002). 
The formation of HS depends upon climate, geographical zone, and many other
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environmental factors, such as the sources of organic matter (allochthonous versus 
autochthonous), the ionic strength, pH, major cation composition o f the water, the 
presence of photolytic and microbiological degradation processes, etc. (Tipping, 2002; 
Peuravuori et al., 2000; Leenheer et al., 2003).
There has been a long and continuing search for detailed understanding of 
sources and formation pathways for HS. At the turn of last century, a major 
breakthrough was recognition of the chemical heterogeneity o f humus. Since then, there 
have been two general conceptual models for humus formation. One concept was that 
humus was formed directly from the lignified tissues o f plant material. Another 
involved polymerization of simple products (such as pigments, sugars, quinones, and 
amino compounds, etc.) generated in the degradation of plant material (McKnight et 
al., 1998; Wershaw, 2000; Tipping, 2002).
Lignin is a polymeric substance related to cellulose that provides rigidity and 
together with cellulose forms the woody cell walls of plants and the cementing material 
between them. It is considered to be a complex cross-linked, highly aromatic structure 
without nitrogen (Fig. 1.2), and it is readily oxidized. Cellulose and lignin in plant 
structural material account for the largest portion of plant biomass on the earth’s 
surface, and as such are likely sources o f precursor material for humus formation 
(McKnight et al., 1998).
Degradation of lignin in plant structural material can be carried out by a limited 
number o f fungal species, and only under aerobic conditions. Lignin is also present in 
leaf litter, grasses, and stems, although at a lower portion of the total biomass than in 
structural material. Lignin in litter may be degraded by bacteria as well as by fungi.
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Examples o f some products of lignin degradation are shown in Fig. 1.3. It should be 
noted that these degradation products all contain carboxyl groups resulting from 
microbial oxidation, which would increase solubility of any larger compounds formed 
by condensation reactions of these precursors (McKnight et al., 1998).
pHjOH
O CftH,0 H3CO
ÇH2OHCH,OH tCHj
HCr
[OH
H3O
CHj—O—C-^
OCH,H3O
OH
OCH3
OCH3
Caibohydrate? — O'
OCH3H3O
«zOH OH
:h o
Figure 1.2 Schematic Formula for a Portion of Aspen Lignin 
(Redrawn from McKnight et al., 1998)
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Figure 1.3 Carboxylic Acids Identified in Extracts of Degraded Spruce Wood 
(Redrawn from McKnight et al., 1998)
According to McKnight et al. (1998), the early lignin degradation model was 
dominant in the first half of the last century. It can be expanded to a general conceptual 
model o f preferential oxidation and preservation of residual organic materials, which 
does not require condensation of monomers to produce higher molecular weight organic 
acids. To explain the nitrogen in humic acid, a model reaction was proposed by 
Waksman in 1936 to show the combination of modified lignin with proteins: 
C52H460io(OCH3)COOH(OH)4CO + H2NRCOOH ----------►
C 5 2 H 4 6 0 io (O C H 3 )C O O H (O H )4 C = N R C O O H  +  H 2O  
In addition, through the action of extracellular enzymes and abiotic processes, other 
constituents in plant and microbial materials with carbon double bonds and nitrogen-
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containing groups can be partially broken down and oxidized, resulting in soluble 
biomolecules enriched with carboxylic and other oxygen-containing functional groups. 
These processes would release water-soluble precursor fiilvic and humic materials that 
are mobile in soils and sediment interstitial water.
The lignin degradation model was eventually developed to a more complex 
polymerization model. This model includes multiple stages, such as degradation of 
plant material producing a variety o f simpler monomers, microbial uptake o f these 
monomers producing microbial biomass in soils and sediments, and concurrent 
polymerization of reactive monomers to form a heterogeneous mixture o f large 
molecules resistant to further microbial degradation. Polymerization of reactive 
monomers can occur through many pathways. One class o f important reactive 
monomers is polyphenols or their oxidized form, quinones, which are both synthesized 
by microorganisms and released in lignin degradation. Mechanisms proposed are 
illustrated in Fig. 1.4.
Fig. 1.5 provides an example o f a polymerization model for the formation of 
marine fuvic and humic acids. According to this model, HS are formed in marine 
surface waters from the free radical cross-linking of unsaturated lipids released into 
seawater by algal growth. Similar pathways could be important in large mesotrophic 
lakes where sources of dissolved organic matter (DOM) from the watershed are 
minimal (McKnight et al., 1998).
According to its origin, aquatic organic matter can be separated into two groups. 
Allochthonous organic carbon is derived from the terrestrial and semiaquatic 
environment (vegetation near the water, leaching from soils, and diffusion from
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sediments). It depends quantitatively and qualitatively on the landscape characteristics 
as well as anthropogenically influenced allochthonous organic compounds that are 
derived from agricultural, domestic and industrial activities. The transport o f 
allochthonous organic matter largely depends on hydrological factors. Exudation and 
excretion of organisms of all trophic levels and decomposition products o f dead 
organisms contribute to the autochthonous portion of DOC (algae and bacteria in water) 
(Sachse et al., 2001; McKnight et al., 1998; Nikolaou et al., 2001).
Quinones Quinones
Sugars
Polyphenols
Modified
lignin
Plant residues
Amino
compounds
Transformation by 
microorganisms
Lignin
decomposition
products
Humic substances
Figure 1.4 Formation Pathways of Humic Substances 
(Redrawn from Tipping, 2002)
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Fig. 1.5 Formation of Marine Fnlvic and Humic Acids from Unsaturated Lipids 
(Redrawn from McKnight et al., 1998)
Organic matter derived from different source materials has distinctive chemical 
characteristics associated with those source materials. Organic matter from higher 
plants, for instance, has been found to have relatively large amounts o f aromatic carbon, 
is high in phenolic content, and low in nitrogen content. Microbially derived organic 
matter (from algae and bacteria), on the other hand, has greater nitrogen content, and 
low aromatic-C and phenolic content (Aiken, 2002; Wetzel, 1983).
Tipping (2002) summarized others’ researches and stated that once formed, HS 
resist degradation, i.e., they are refractory. It is due to their chemical and physical
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heterogeneity, which discourages the evolution of degrading enzymes. Also physical 
and chemical protection mechanisms operate. Organic compounds, including HS, tend 
to be less susceptible to breakdown when adsorbed by minerals, when aggregated, or 
when complexed with metal ions, especially Al^^. However, breakdown does occur. A 
number of microorganisms with the capability to metabolize HS have been isolated 
from soil. It has been concluded that the metabolism of HS by bacteiioplankton in 
humic-rich lakes is a significant process, made possible by the photochemical 
breakdown of biologically refractory HS to yield lower molecular weight biologically 
labile organic products. Such utilization of HS by bacteria is the basis o f a food chain 
distinct from the conventional one that is driven by phytoplanktonic primary 
production.
1.3 Environmental Influences o f Aquatic Humic Substances 
High-molecular-weight HS exhibit a colloidal structure that is important in the 
physical behavior o f humic solutions. A basic characteristic of the humic colloids, as 
well as o f truly dissolved humic and fixlvic acid fractions, is their association with 
organic and inorganic materials (Wetzel, 1983). For example, HS can interact with 
synthetic organic compounds and thus cause the immobilization of such compounds in 
sedimentary matter; conversely, the association of slightly soluble compounds with 
dissolved or suspended organic matter in the aquatic environment causes enhanced 
solubility o f these compounds. Such enhanced solubility can result in an increased 
mobility o f these compounds, e.g., DDT and PAHs, etc., in rivers and other aquatic 
environments (Chou et al., 1986). Frimmel et al. (2002) proposed that the association of
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HS with non-polar chemicals is hydrophobic interactions. According to Peuravuori and 
Pihlaja (2000), besides hydrophobic sorption, several different binding forces and 
mechanisms (including ionic, hydrogen, and covalent bonding, charge-transfer or 
electron donor-acceptor mechanisms. Van der Waals forces, and ligand exchange, etc.) 
operate during the adsorption processes of several pesticides onto aquatic HS.
HS can influence the transport and redox state of metal ions. HS interact with 
metal ions by both complexation and ion-exchange. The ability of HS to bind metal ions 
can be attributed to their acidic chelating functional groups. Chelation by adjacent 
carboxylic and phenolic groups is the major mode of metal-HS complexation (Fig. 1.6) 
(Stumm et al., 1996; Tipping, 2002). Depending upon circumstances, this interaction 
may lead to solubilization of the metal. For example. Perdue et al. (1976) showed that 
concentrations o f Fe (and Al) in waters o f the Satilla River system (USA) were 
correlated with concentrations of dissolved organic mater, and proposed organic 
complexation as the explanation. Orlandini et al. (1991) reported that elevated 
plutonium concentrations in lake waters were frequently associated with elevated 
organic matter. Other studies involved the stable complexes o f HS with heavy metal 
ions, such as Cu (II), Cr (II), Cd (II) and Hg (II), etc. (Gardea-Torresdey et al., 1995).
Ca
,2+
Figure 1.6 Model Compounds of Metal-HS Complexation
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The potential impact of a contaminant in the environment depends not only on 
the concentration and mobility o f the species, but also on its bioavailability. The 
association of inorganic and organic species with HS can lead to masking of these 
species by the organic matter with a concomitant decrease in the toxicity o f the 
contaminants to organisms in the environment. For example, Hg (II) -  DOM 
associations may decrease the bioaccumulation of mercury in aquatic food webs by 
lowering the bioavailability of Hg (II) to methylating organisms (Haitzer, et al., 2003). 
However, the same chelating properties may give low access to limiting minerals or 
metals (Jackson et al., 1980). The multiple roles o f HS in influencing the fate of 
chemicals in the aquatic environment have been reported by many researchers 
(Schwarzenbach et al., 1993; MacCarthy et al., 1989; Tipping, 2002).
Humic acid may significantly contribute to low pH in surface waters, even in 
poorly buffered lakes impacted by anthropogenic acidification. On the other hand, 
organic acids may also play an important role in preventing further pH depression of 
acidified systems through their pronounced buffering capacity (Hessen et al., 1998).
HS play a major role in light attenuation in aquatic ecosystems, and low levels 
of photosynthetically available light may restrict photosynthesis. On the other hand, HS 
are in particular an important screen for the biologically detrimental UV radiation; 
preventing direct radiation damage to biota. However, the trapping of high levels of 
energy by HS in the upper few centimeters results in the production o f a number of 
biologically harmful photoproducts, such as free radicals, strong oxidants, and carbon 
monoxide. At the same time, this may also cause the cleavage o f HS into more
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bioavailable organic compounds and the photochemical liberation o f bound minerals 
and micronutrients (Hessen et al,, 1998).
Since HS provide sources and sinks for carbon, the microbial degradation of 
dissolved HS is an important process in carbon cycling, directly influencing ecosystem 
dynamics. In addition, HS are major reactants and products o f biogeochemical 
processes in which they serve as carbon and energy sources for biota and also control 
levels o f dissolved oxygen, nitrogen, phosphorus, and sulfur (Leenheer et al., 2003; 
Hessen et al., 1998).
In addition to the more direct enviromnental effects, HS also have an 
environmental impact on water- and waste-treatment processes. For example, 
chlorination of indigenous HS during municipal water disinfection can produce 
carcinogenic compounds (e.g., chloroform, etc.) (Rook, 1974); ozonation of the 
biologically refi-actory HS can produce biodegradable byproducts and thereby promote 
microbial growth; HS can compete with hazardous chemicals during the adsorption 
process in activated carbon treatment, as well as cause fouling of ion-exchange resins 
and reverse osmosis membranes (Nikolaou et al., 2001; MacCarthy et al., 1989).
1.4 Techniques for Characterization of Aquatic Humic Substances
1.4.1 Isolation
According to Frimmel et al. (2002), the concentrations o f natural organic matter 
(NOM) in aquatic systems range fl"om 40 mg-L"' DOC in brown water and soil seepage 
water to 0.5 mg-L * DOC that is typical for ground water and seawater. As mentioned 
earlier in Section 1.1.2, dissolved HS are only part of the DOC. Because of low DOC
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levels in most aquatic systems, analytical methods required for the characterization of 
HS cannot usually be applied directly and concentration is needed. In addition, because 
natural waters contain a diversity o f dissolved and particulate inorganic and organic 
constituents, and many of the dissolved organic constituents are not HS, water must first 
be filtered and the dissolved HS selectively removed before analysis (Malcolm, 1991).
Peuravuori and Pihlaja (2000) reviewed different concentration and isolation 
techniques, including vacuum distillation, freeze-drying, reverse osmosis, ultrafiltration, 
coprecipitation, liquid extraction, and column sorption techniques. According to their 
investigations, column sorption techniques, including use o f alumina, nylon 
(polyamide) powder, charcoal, and especially both weakly basic anion-exchange resins 
and nonionic macroporous sorbents, have proven to quite effective.
In their review article, Leenheer et al. (2003) stated that with resin sorbents, 
DOC is commonly characterized by fractionating it into distinct categories. Procedures 
with XAD resins have been widely used to isolate HS and are the basis o f a simple 
DOC analysis that determines the humic/nonhumic distribution (DOC profiling) o f raw 
and treated waters. Generally, water is filtered through a 0.45-pm filter, acidified to 
approximately pH 2 with HCl, and passed through a column containing an essentially 
hydrophobic resin (XAD 2 or XAD 8 , etc.). The HS sorb to the column while the more 
hydrophilic nonhumic materials pass through the column. The column is then eluted 
with a basic solution to desorb the HS. Any humin in the water is removed by a prior 
filtration (MacCarthy et al., 1989).
The noteworthy advantage of the column chromatographic methods is that they 
simultaneously concentrate and separate HS from most other organic and inorganic
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constituents (Peuravuori et al., 2000). However, these methods also cause artifacts. 
First, the treatment o f the water samples in high and low pH-values may result in 
structural changes in HS. Especially when oxygen is not excluded, oxidation reactions 
are very likely to occur. Second, it is not known how well the obtained fractions 
represent the naturally occurring HS. This issue is still under investigation (Frimmel, 
2000; Peuravuori et al., 2000).
Due to the heterogeneous nature o f HS, all analytical methods applied to the 
chemical characterization of HS are at best only semiquantitative and contain problems 
(Peuravuori et al., 2000). Table 1.2 shows existing analytical techniques that have been 
applied to elucidate the complex structures and behavior of HS.
1.4.2 Spectroscopic Characterization
1.4.2.1 Ultraviolet-Visible Spectroscopy 
According to Bloom et al. (1989), two types of transitions involving bonding 
electrons can result in the absorption of ultraviolet (UV) or visible radiation. One is the 
electronic transition that occurs within the molecular orbitals o f chromophores (local 
excitation). These include n —> n*, n -> n*, and n —> n*. Another type o f electronic 
transition involves the transfer of an electron from one chromophore to another 
chromophore (e.g., from an aromatic ring to a COOH group) or from a chromophore to 
a non-chromophore (e.g., from an aromatic ring to an OH group). This type of transition 
is called an electron transfer or charge-transfer excitation.
The yellowish-brownish color is one of major properties o f HS. UV-visible 
spectra of HS are typically broad and nearly featureless because their heterogeneous
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Table 1.2 Methods of Characterization of HS 
(Source: Peuravuori et al., 2000)
MW determination Functional group characterization
Viscosity Fluorescence
Vapor pressure osmometry UV-visible spectroscopy
Ultracentrifugation Fourier transform infrared spectroscopy
Gel filtration, high-performance size- '^C and *H (solid and liquid state) nuclear magnetic resonance
exclusion chromatography Electron spin resonance
Laser light scattering Pyrolysis-gas chromatography
Field desorption mass spectrometry Pyrolysis-mass spectrometry
Pyrolysis- Fourier transform infrared spectroscopy
pH titration
Electrophoretic techniques, capillary zone electrophoresis
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nature results in chromophores with overlapping absorbance bands (Frimmel, 2000; 
Leenheer et al., 2003). However, the strong absorption in the UV region is expected for 
aromatic groups (Bloom et al., 1989). Specific UV absorbance (SUVA or SUVA254), 
which is defined as the sample’s absorbance at 254 nm divided by the DOC 
concentration of the solution, has been found to be an indicator o f benzene carboxylic 
acids and phenols, which are constituents o f NOM (Nikolaou et al., 2001; Leenheer et 
al., 2003). In addition, several UV-visible absorbance ratios, such as 250/365 nm 
(E2/E3), and 465/665 nm (E4/E6), have been proposed to characterize the spectrometric 
profile of aquatic or soil HS (Peuravuori et al., 1997; Chin et al., 1994; Bloom et al., 
1989). According to Hautala et al. (2000), UV absorbance increases with pH, 
aromaticity, total carbon content and molecular weight.
1.4.2.2 Fluorescence Spectroscopy 
Electrons excited by the absorption of UV or visible radiation return to the 
ground state either by non-radiative or radiative pathways. In fluorescence, the emitted 
radiation has a longer wavelength than the incident beam because of the energy lost due 
to excitation of vibrational transitions (dissipated as heat). Fluorescence is a sensitive 
technique for the selective study of chromophores that fluoresce efficiently. 
Chromophoiic structures with extended 71-electron structures (such as aromatic 
compounds), which have low-lying excited states, often fluoresce (Bloom et al., 1989).
Fluorescence spectroscopy has been applied for the characterization of HS for 
more than three decades. According to Hautala et al. (2000), many factors (such as type 
of solvent, pH, ionic strength, temperature, redox potential o f the medium and 
interactions with metal ions and organic compounds) may affect fiuorescence more than
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absorbance. The molecular structure influences intensity o f fluorescence, which 
decreases with increasing molecular size. In aromatic compounds electron-withdrawing 
groups (e.g., -COOH, -NO2) decrease and electron-donating groups (e.g., -OH, -NH2) 
increase the intensity o f fluorescence. Carbonyl containing substituents, hydroxyl, 
alkoxyl and amino groups tend to shift fluorescence to longer wavelengths. Structural 
factors in samples which fluoresce at long wavelengths with low intensity (normally 
humic acid) could be the linear-condensed aromatic rings and other unsaturated bond 
systems capable o f a high degree o f conjugation.
Fluorescence spectroscopy techniques include emission, excitation, synchronous 
scans, and excitation-emission matrix (EEM) analysis (Leenheer et al., 2003; Frimmel 
et al., 2002; Nikolaou et al., 2001; Chen et al., 2003).
Synchronous fluorescence spectroscopy is a technique performed by 
simultaneously scanning both excitation and emission wavelengths. During the scan, a 
constant wavelength difference is maintained between excitation and emission, resulting 
in a fluorescence spectrum with more fine structures than conventional excitation and 
emission scans, while conventional fluorescence spectra o f HS tend to be broad and 
featureless. The synchronous scan can provide information on molecular differences, 
since it offers a potentiality to reduce the overlapping of emission and absorption 
features and possibility for each fluorescent component to be identified in a specific 
spectral range (Peuravuori et al., 2002; Frimmel, 2000).
An excitation-emission matrix analysis is a complete representation o f the 
fluorescence spectral features o f a sample. With this method, fluorescence intensity is 
presented as a function of excitation wavelength on one axis and emission wavelength
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on the other. Research showed that excitation-emission matrices (EEMs) may be used 
to discriminate between soil-derived and aquatic-derived standard humic substances 
from International Humic Substances Society (IHSS) and between humic and fiilvic 
acids derived from the same source (soil or aquatic) (Chen et al., 2003; Mobed et al., 
1996).
1.4.3 Molecular Size Characterization 
Molecular weight and molecular size distributions are important properties for 
understanding the physical and chemical characteristics of aquatic HS. Determination of 
molecular weights for aquatic HS is not a simple task, since HS have very complex 
structures with a wide range o f molecular sizes. As shown in Table 1.2, methods used 
for determining molecular weights and sizes o f HS include ultracentrifiigation, 
viscosimetry, small-angle X-ray light scattering, size exclusion chromatography (SEC), 
vapor pressure osmometry, and flow freld-flow fractionation (FIFFF), etc. (Peuravuori 
et al., 2000; Pelekani et al., 1999).
1.4.3.1 HPSEC Method 
High performance SEC (HPSEC), the most extensively used method, separates 
compounds based on their hydrodynamic size. Its major advantage compared to other 
methods is that this method reveals not only molecular weights, but also the molecular 
size distributions. As shown in Fig. 1.7, a sample is injected into a column containing a 
porous gel material. Small molecules can access more of the internal pore volume than 
larger molecules, which are excluded from such pores. The net result is that the large 
molecules elute first followed by the smaller components. The problem with this 
method is that sorption between the solute and the stationary phase can occur with some
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compounds giving them longer retention time and apparent lower molecular weight. 
Also, highly charged compounds will have a shorter SEC retention time because of ion 
exclusion effects (Peuravuori et al., 2000; Pelekani et al., 1999; Miles et al., 1983). Chin 
et al. (1994) optimized the SEC technique by suppressing charge effects with a 0.1- 
molar solution of sodium chloride in the mobile phase and by using polystyrene 
sulfonates as calibration standards.
Porous
particles Column
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Small
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L arge
molecule
Figure 1.7 Schematic of HPSEC Column Separation 
(Source: Tissue, 2002)
1.4.3.2FFF Method
Field-flow fractionation (FFF) is a technique for size fraction of macromolecules 
and colloids. Giddings first proposed it in 1966. In this method, the analyte, dissolved in 
a carrier medium, is pumped with constant velocity through a thin ribbon-like channel 
equipped with a membrane permeable for the carrier. The flow-field is established by a
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cross-flow perpendicular to the channel flow and the size fractionation is a function of 
the diffusion coefficient (Wolf et al., 2001).
Split flow thin cell fractionation (SPLITT) is one of the most basic applications 
of FFF. As shown in Fig. 1.8, a water sample containing HS enters the split cell through 
the Sample Inlet and the buffer solution enters through the Carrier Inlet. As the sample 
passes along the cell, molecules diffuse away from the upper wall of the cell. Larger 
molecules, due to their lower diffusion constants, will remain closer to the wall. The 
separation is performed by adjusting the SPLITT cell flow rates so that large molecules 
exit predominantly from Outlet a, while small molecules exit from both Outlet a and b. 
The fraction of a sample recovered from Outlet a is proportional to the molecular 
weight of the analyte (George et al., 2000).
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Figure 1.8 Schematic of SPLITT Separation (Source: Fuh, 2000)
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1.4.4 Structural Characterization 
Analytical pyrolysis, defined as the degradation of organic materials at high 
temperature (> 430 °C) under non-oxidative conditions, has proved to be a useful tool 
for the identification of substructures o f macromolecules, including HS. This method 
leads to a controlled molecular firagmentation by which stable structures can be 
transformed to definite chemical compounds. Therefore, it can be used as a 
fingerprinting technique for establishing the structural similarities and differences 
between HS. The direct coupling o f a pyrolyzer (or pyroprobe) to a gas chromatography 
(Py-GC) is a well-known and useful technique for the rapid and reproducible 
characterization of complex organic mixtures which are difficult to analyze by 
conventional methods. Pyrolysis-GC-MS has been particularly successful in the 
identification of a large number o f pyrolysis fractions of HS from soils and aquatic 
systems (Davies et al., 2002).
Table 1.3 shows examples for typical products identified after pyrolysis o f AHS. 
However, some poor chromatographic behaviors of the polar degradation products and 
unwanted thermal reactions, like decarboxylation, lead to loss o f helpful information 
about the structural composition of aquatic HS (Leenheer et al., 2003; Lehtonen et al., 
2000; Frazier et al., 2003).
To overcome these analytical limitations, Challinor (1989) first introduced a 
technique for simultaneous pyrolysis and méthylation of polar polymers by using 
tétraméthylammonium hydroxide (TMAH) as a derivatizing reagent. Since then this 
technique has been used to investigate the structural composition of HS. During the 
1990s it has been demonstrated that strongly basic TMAH not merely acts as a pure
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methylating reagent, but also causes hydrolytic ester and ether bond cleavages even at 
lower temperatures, i.e., the overall degradation mechanism may resemble more 
thermochemolysis than that of pyrolysis (Lehtonen et al., 2000).
Table 1.3 Examples for Typical Products Identified after Pyrolysis o f Aquatic HS
(Source: Frimmel, 2000)
Class o f compounds Identified Compounds
AUcenes C4-C8 alkenes, C4-C8 alkadienes
Furans methylfuran, hydroxyfuran.
methylfurfural
Alkylbenzenes toluene, C2-alkylbenzene,
Cfi-alkylbenzene
Alkylphenols cresol, xylenol
methoxyvinylphenol
Dihydroxybenzenes dihydroxybenzene.
dihydroxymethylbenzene
Methoxyphenols, 2 ,6 -dimethoxyphenols,
Dimethoxyphenols coniferyl alcohol.
2 ,6 -dimethoxy-propenyl-phenol,
sinapyl alcohol
More recent studies showed that TMAH thermochemolysis GC-MS (TMAH 
GC-MS), which is performed at sub-pyrolysis temperature o f 250 -  300 °C, 
significantly enhances product yields, while substantial amounts o f CO and CO2 are 
produced by conventional Pyrolysis-GC-MS. TMAH GC-MS is a one step process that 
is principally a degradative technique and secondarily a derivatization technique. 
TMAH labile C-O bonds such as esters, amide bonds, some ether bonds (P-0-4 bonds
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in lignin), and to some extent glycosidic bonds are cleaved by the TMAH 
thermochemolysis reaction and result in fragments. This degradation occurs mainly 
through a base-catalyzed hydrolysis reaction at elevated temperatures. Simultaneously, 
frmctional groups containing acidic protons, such as carboxylic acids and phenols, are 
methylated whereas esters are converted to the corresponding methyl esters. The 
resulting products are volatile enough to be separated by GC and analyzed by MS 
(Frazier et al., 2003; Lehtonen et al., 2000).
One drawback of the TMAH technique is that it does not differentiate between 
naturally occurring methyl ethers or methyl esters and those formed during 
thermochemolysis. The use o f tetrabutyl ammonium hydroxide makes that 
differentiation possible. Using different tetraalkyl ammonium salts (e.g., hydroxide and 
acetate forms), it is now possible to estimate the free, esterified, and total acid content 
o f HS (Leenheer et al., 2003).
1.5 Purpose of Research 
Lake Mead is located in the Mojave Desert of southern Nevada and northern 
Arizona (Fig. 1.9). It is the largest reservoir on the Colorado River by volume 
(approximately 36.7 x 10  ̂m^) and covers approximately 593 km^ of surface area. The 
man-made lake was formed in 1935 after completion of the Hoover Dam. The Colorado 
River provides approximately 97% of Lake Mead’s water. The remaining water 
originates from the Virgin and Muddy Rivers (~ 1.5%), which discharge into the 
Overton Arm, and the Las Vegas Wash (~ 1.5%), which discharges into the Boulder
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Basin. More than 22 million people depend on water from Lake Mead and the lower 
Colorado River for domestic and agricultural usage (Snyder et al., 2001).
As reviewed in Section 1.3, aquatic HS play important roles on the properties of 
natural water systems. For example, they cause changes in water color, taste, and odor; 
act as acid-base buffers; interact with organic and inorganic contaminants; provide 
sources and sinks for carbon; mediate photochemical processes; produce undesirable 
disinfection byproducts, and so forth. Since no prior research has been done on aquatic 
HS in Lake Mead, it is important to know this information.
The overall objective o f this project was to obtain new and comprehensive 
information about aquatic HS in the Lake. Specific objectives included following: (1) 
method development for isolation and concentration of HS, such as evaporative 
concentration and solid phase extraction (using different resins) methods; (2 ) 
characterization of the concentrated HS, such as measurement o f dissolved organic 
carbon (DOC), spectroscopic analyses (fluorescence, UV-visible, and IR spectroscopy), 
determination of molecular weights and molecular weight distributions (HPSEC), and 
investigation of chemical structures (pyrolysis GC-MS); (3) correlation analyses, which 
involved determination o f spatial changes, seasonal variations, relations among various 
parameters from different samples in the Lake, and exploration of contribution of 
different sources (e.g., external or internal) to aquatic HS in the Lake.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 Sample Collection
Water samples were collected from Lake Mead at thirteen sites and different 
depths. Sampling locations, which were selected in consultation with Southern Nevada 
Water Authority (SNWA) personnel, are shown in Fig. 2.1 and described in Table 2.1. 
Routine water collection procedures were used (American Public Health Association et 
al., 1998). As soon as samples were acquired, they were transferred into 4 L 
polyethylene containers (these brand new containers were rinsed three times with lake 
waters before use). Then all samples were sent to laboratory as soon as possible at 
ambient temperature. In the laboratory samples were stored frozen (- 5 °C). Sampling 
was conducted twice: June 2002 and January 2003 (Fig. 2.2).
2.2 Reagents
All reagents were analytical grade or better. All solutions were produced using 
purified deionized water (18 MQ-cm, Bamstead Thermolyne Corporation, USA).
Commercial humic acid material was obtained from Fluka (Switzerland). 
Standard humic solution was made by dissolving 10 mg of the above humic acid
28
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material in 1 L of buffer solution that contained 0.0025 M Na2 S0 4 , 0.002 M NaCl, and 
0.00025 MNaHCOa.
Table 2.1 Sampling Sites in Lake Mead
Site No. Site Location Sampling Depth (m)
1 LVW 0*
2 LWLVB 0
3 LVB2.7 0
4
15
4 LVB5.7 0
5 Intake 0
18
36
57
6 BB-7 0
7 CB-2 0
8 CR 351.7 0
9 Hoover Dam 0
10 CR 355.75 0
17
36
121
11 Virgin River 0
12 Muddy River 0
13 Colorado River 0
Sample was collected at the surface.
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à
Figure 2.2 Water Sample Collection from Lake Mead (Photo by Yixin Wei)
2.3 Recovery of Aquatic Humic Substances
2.3.1 Evaporation Method 
The original water samples (200 mL) were filtered through precombusted 
(500°C over night) glass microfiber filters (Grade GF/C: 1.2 pm, 110 mm, Whatman 
International Ltd., England), and acidified with concentrated HCl to pH 2. The acidified 
waters then were concentrated to 5 mL at 50 °C using a rotary evaporator (Biichi, 
Switzerland). The concentrates were stored frozen until further analyses.
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2.3.2 Solid Phase Extraction
2.3.2.1 Discovery® DPA-6S Procedure 
To reduce column bleeding. Discovery® DPA-6S solid phase products (Supelco, 
USA), which contained a polyamide structure (Fig. 2.3), were suspended in 1 M NaOH 
over night, and washed with nano-pure water several times until neutral pH was 
reached. Then the resin was suspended in methanol and poured into a 1.0 x 5.0 cm 
chromatography column (Kontes, USA), and eluted with four bed volumes of methanol, 
four bed volumes of water, and two bed volumes of acidified water (pH 2), respectively.
Figure 2.3 Structure o f Discovery® DPA-6S Resin
To test the organic matter recovery on this resin, 500 mL of standard humic 
solution (10 mg/L, pH 2, which preparation is shown in Section 2.2) was pumped 
through the column at a flow rate of 5 ~ 10 mL/min. The column was then rinsed with 
one bed volume of water. The retained HS were eluted with two bed volumes of 
methanol: water: concentrated ammonia (5:3:2). The eluate was concentrated to dryness
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using a rotary evaporator. Finally the dried product was dissolved in 5 mL of 0.05 M 
NaHCOs and diluted with water for fluorescence analysis.
The natural water samples (500 mL to 4 L) were filtered using the same 
procedure described in Section 2.3.1, acidified to pH 2 with H3PO4 (85 %), and 
processed using the above procedures (Fig. 2.4).
To perform structural analysis, above procedures were repeated until the eluate 
was concentrated to dryness using a rotary evaporator. The dried products were kept in 
a vacuum desiccator over NaOH pellets.
2.3.2.2 Varian Nexus Procedure 
A standard humic solution (2 L, 5.1 mg/L, pH 2.2) was pumped through a Nexus 
cartridge (500 mg, Varian Inc., USA), which contained a proprietary polymer, at a flow 
rate of 50 mL/min. Then the cartridge was rinsed with 10 mL of methanol: ammonia: 
water (5:1:4). The eluate was concentrated to dryness using a rotary evaporator, 
dissolved in 5 mL of 0.05 M NaHCOa, and diluted with water. Then fluorescence and 
total organic carbon analysis were investigated.
2.3.2.3 C18 Procedure 
C18 silica cartridges (900 mg, Burdick & Jackson, Inc., USA) were rinsed with 
methanol (8 mL) and acidified water (pH 2, 8 mL). The filtered and acidified water 
samples (200 mL, pH 2) were pumped through the cartridges at a flow rate o f 5 ~ 10 
mL/min. The retained components were processed as described in section 2.3.2.2.
2.3.2.4 AG®1-X8 Procedure 
AG®1-X8 material (Bio-Rad Laboratories, USA) was rinsed with nano-pure
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Discovery DPA-6 S Resin
Pumped through column
Poured into 5 mL column
Rinsed with 20 mL H2O
Concentrated to dryness
Suspended in CH3OH
Rinsed with 20 mL CH3OH
Rinsed with 10ml acidified H2O (pH2)
Suspended in IM NaOH over night
Washed with H2O until neutral pH
Acidified with 
H C l to p H 2
Passed through 
GF filter 
(0.45 pm)
Rinsed with 5 mL H2O
Standard humic 
solution or water 
sample (0.5 ~ 4L)
Rinsed with 10 mL CH3OH: H2O: 
NH4OH (5:3:2)
Figure 2.4 Discovery® DPA-6 S Procedure
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water (several times), IM NaOH (three times), and nano-pure water (several times) 
until the solution was about neutral. Then the resin was washed with 1 M HCl (three 
times) and nano-pure water (several times) until neutral. The pretreated material was 
packed into a 1.0 x 5.0 cm chromatography column (Konetes, USA). The column was 
then rinsed with four bed volumes of water, four bed volumes of 1 M HCl, and water 
until neutral. Then four bed volumes o f 1 M NaOH. Finally the column was rinsed with 
water until neutral.
Filtered and acidified standard humic solution (500 mL, 10 mg/L, pH 2) and 
water samples (500 mL, pH 2) were pumped through the conditioned columns at 5 ~ 10 
mL/min. Then the columns were rinsed with one bed volume of water. The retained 
HS were eluted with four bed volumes of 1 M acetic acid. The eluates were 
concentrated to dryness using a rotary evaporator. Finally the dried products were 
dissolved in 5 mL of 0.05 M NaHCOs and diluted with water for fluorescence and total 
organic carbon analysis.
2.3.2.5 Duolite A7 Procedure 
Duolite A7 resin was obtained fi-om Rohm and Haas Company (USA). It is a 
weak base anion exchange resin made fi"om a cross-linked phenol-formaldehyde 
polycondensate. Duolite A7 procedure was the same as AG®1-X8 procedure described 
in Section 2.3.2.4.
2.3.2.6 Amberchrom® CG-71m Procedure 
Amberchrom® CG-71m resin (Supelco, USA), which contained a highly cross- 
linked methacrylic copolymer, was suspended in nano-pure water several times to 
decant fine particles. Then the resin was packed into a 1.0 x 5.0 cm chromatography
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column (Kontes, USA). The column was then rinsed with nine bed volumes of 
acetonitrile, four bed volumes of methanol, four bed volumes of water, and two bed 
volumes of acidified water (pH 2).
Concentration procedures for standard humic solution and water samples were 
the same as Discovery® DPA-6 S described in Section 2.3.2.1.
2.3.3 Lipid Extraction
As mentioned in Chapter 1 (Section 1.1.1), POC is the organic carbon fraction 
retained on the 0.45-pm porosity membrane. In this study we defined POC as the 
fraction retained on glass microfiber filters (GF/C, 1.2 pm. Section 2.3.1). After 
filtration (Section 2.3.1), the filters were freeze dried and then extracted with 10 mL of 
dichloromethane in screw-capped tubes (Teflon-lined) using a rotating shaker 
(Bamstead/Thermolyne) at room temperature overnight. Then solvent was transferred 
into pear-shaped flasks and evaporated using a rotary evaporator at 35 “C. Finally the 
extracts were dried in a desiccator for later structural analysis.
2.4 Analytical Methods
2.4.1 DOC Analysis
Measurement o f aquatic HS began by separation of water samples into DOC 
(containing aquatic HS) and POC fractions. Aquatic HS were quantified by measuring 
DOC. The DOC of each sample concentrated using evaporation method (Section 2.3.1) 
was measured using a Xertex-Dohrmann DC-80 Carbon Analyzer (USA) by UV 
promoted persulfate oxidation, followed by IR detection. The carbon analyzer was 
calibrated with potassium hydrogen phthalate (KHP) standards.
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2.4.2 Spectroscopic Analyses
2.4.2.1 Synchronous Fluorescence Spectroscopy 
Two fluorometers used for synchronous scans included (1) a Perkin-Elmer 
Model MPF-4 Fluorescence Spectrophotometer equipped with a 150W Xenon 
discharge lamp, and (2) a QuantaMaster™ QM-2001-4 Spectrofluorometer (Photon 
Technology International, Inc., USA). Synchronous fluorescence spectra o f water 
samples concentrated by evaporation method (Section 2.3.1) were collected in 250 -  
650 nm excitation wavelength range using wavelength difference of AX = 20 nm 
between the excitation and emission monochromators. Spectra were recorded with a 4 
nm slit width on both monochromators. The scan speed was 60 nm/min and resolution 
was 4 nm. All experiments were conducted using 1 x 1 cm rectangular quartz cells.
2.4.2.2 EEM Spectroscopy 
Fluorescence EEM measurements o f water samples concentrated by evaporation 
method (Section 2.3.1) were conducted using a QuantaMaster™ QM-2001-4 
Spectrofluorometer (Photo Technology International, Inc., USA) and a Perkin-Elmer 
LS55 luminescence spectrometer. The spectrometers used xenon excitation sources. 
Their excitation and emission slit were set to a 4-nm band-pass. To obtain EEMs, 
excitation wavelengths were incrementally increased from 200 to 290 nm at 5-nm steps; 
for each excitation wavelength, the emission intensity from 300 to 600 nm was recorded 
in 0.5-nm steps.
2.4.2.3 UV-Vis Spectroscopy 
The UV-Vis absorbance spectra o f water samples concentrated by evaporation 
method (Section 2.3.1) were measured over the wavelength range 250 -  700 nm using a
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Fiber Optic UV-Vis Spectrometer (Stellar Net Inc., USA) with a 1 x 1 cm rectangular 
quartz cuvette. The spectrometer was equipped with an EPP2000 detector (photodiode 
array), a Dz lamp and a Tungsten filament source, and fiber optic cables.
2.4.2.4 Infi-ared Spectroscopy 
Fourier Transform Infi-ared (FTIR) spectra of dried samples obtained using 
Discovery® DPA-6 S procedure (Section 2.3.2.1) were performed using a DIGILAB 
FTS-7000 Spectrometer equipped with a photoacoustic detector. An average of 64 scans 
was used to produce each spectrum.
2.4.3 Molecular Weight Analyses
2.4.3.1 HPSEC Method 
High-performance-size exclusion chromatography (HPSEC) was performed on a 
Hewlett Packard Series 1050 instrument. Sample injection and separation were 
conducted with a 25 pL loop injector (Rheodyne Model 7000) and two 250 x 4.6 mm 
Macrosphere GPC columns (60Â 7p, 100Â 7p, Alltech Associates, Inc., USA). Elution 
was monitored with an HP UV detector (254 nm) and a fluorescence detector (Gilson, 
model 121, USA) with filters (excitation wavelength: 305 ~ 395 nm, emission 
wavelength: 430 ~ 470 nm). Data were recorded in “Peak Simple” Chromatography 
Data System running on a Pentium computer. The mobile phase was 0.05 M NaH2P0 4  
(titrated to pH 7 with 10 M NaOH before use) at a flow rate o f 0.4 mL/min. The system 
was calibrated with sodium benzoate (0.100 g/L) and polystyrene sulfonates (PSS) o f 
the following molecular weights: 1.43K, 4.80K, 6.50K, 15.45K (American Polymer 
Standard Corp., USA), prepared at 1.000 g/L.
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2.4.3.2 SPLITT Method 
The SPLITT (split flow thin cell fractionations) cell (model SF-1000) was 
obtained from Post Nova Analytics (USA). It fitted with two peristaltic pumps (Cole- 
Parmer, USA). The carrier buffer was 0.01 M tris (hydroxymethyl) aminomethane with 
Tween (1 mL/L). Carrier flow was 2 mL/min while sample was delivered to the 
SPLITT cell at 0.2 mL/min. Two UV detectors (Alltech Model 450 UV, USA) were 
used. The system was calibrated using sodium benzoate (0.100 g/L in 0.02 M NaiCOa) 
and several polystyrene sulfonate standards with molecular weights from 1.43K to 35K 
(1.000 g/L in 0.02 M NazCOs). An IBM 286 computer equipped with LabTech 
Notebook software (Laboratory Technologies Corporation, UAS) was used to record 
the detector signals. Data were stored in ASCII format and imported into MathCAD™ 
software (MathSoft, USA) for numerical integration.
2.4.4 Structural Analyses —  TMAH Thermochemolysis GC-MS Method
2.4.4.1 HS Analyses
2.4.4.1.1 On-line Procedure 
As shown in Fig. 2.5, a few milligrams of solid HS obtained using the solid 
phase extraction method (Section 2.3.2.1) were loaded into a quartz tube (length 25 
mm, i.d. 1.9 mm, CDS Analytical Inc., USA) and held in place with quartz wool. The 
sample was saturated with 10 pL o f tétraméthylammonium hydroxide solution (TMAH, 
10 % (T) in methanol, Fluka, Switzerland). Then it was placed into a pyroprobe (CDS 
2000). When a current passed through the platinum wire surrounding the quartz tube, it 
was rapidly heated to 350 “C with a heating rate o f 500 “C/second, and the 
thermochemolysis time was kept for 180 S. The decomposition products on a heated
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GC interface (CDS 1500) were swept into the GC column by helium gas, and analyzed 
by a Varian Saturn III GC-MS system (UAS). The temperature o f split/splitness injector 
was 280 "C. The GC was fitted with a 30 m Supelco EQUITY™-5, 0.25 mm i.d. 
column, and programmed at a rate o f 10 ®C/min from 40 to 280 “C. At the end o f the run 
a 5 min isothermal time was used. The carrier gas was helium with a head pressure of 
10 psi. Mass spectral analyses were carried out using electron impact ionization (70 eV) 
and a mass range of 50 -  650 amu. The identification of the degradation products was 
based on NIST (National Institute of Standards and Technology) 2002 library and 
spectral matches to standard materials.
2.4.4.1.2 Off-line Procedure 
Aquatic HS isolated by absorption on Discovery® DPA-6 S resin or other resins 
were dried first using a rotary evaporator, and then transferred into a glass ampoule 
using a small quantity o f water. The water was removed by vacuum desiccation with 
NaOH pellets. Then 25 pL of TMAH were added and rinsed into the ampoule with 
methanol. The methanol was evaporated at 40 °C under a stream of nitrogen gas and the 
glass ampoule was sealed under vacuum and then baked at 250 °C for 30 min after 
heating at a rate of 20 °C/min. After the ampoule was cooled, it was scored and opened. 
The contents were extracted fixim the ampoule with dichloromethane to a test tube and 
concentrated under a stream of nitrogen gas to about dryness. Then the sample was 
reconstituted in 100 pL of dichloromethane and analyzed using the same GC-MS 
method as the on-line procedure (Section 2.4.4.1.1).
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2.4.4.2 Fatty Acid Analysis 
The sample prepared by the procedure of Section 2.3.3 was dissolved in 25 pL 
of TMAH. The sample was then transferred into a quartz tube. The TMAH 
thermochemolysis GC-MS procedure was the same as HS analysis (Section 2.4.4.1).
Quartz tube
4
Quartz wool
Sample
Ft filament
He
Figure 2.5 A Quartz Tube with Aquatic HS Sample in Pyroprobe
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3
EVALUATION OF CONCENTRATION AND ISOLATION METHODS 
FOR AQUATIC HUMIC SUBSTANCES
3.1 Evaluation by Fluorescence Recovery
3.1.1 Standard Humic Acid Solutions 
As described in Chapter 2 (Section 2.3.1 and Section 2.3.2), evaporation and 
solid phase extraction methods were investigated for concentration of humic material. 
Recovery was monitored by fluorescence measurement.
With standard humic acid solutions (Section 2.2), the fluorescence recoveries by 
evaporation (Fig. 3.1) and nonionic adsorbent methods, such as Discovery® DPA-6 S 
(Fig. 3.2a), Varian Nexus (Fig. 3.3a), and Amberchrom® CG-71m (Fig. 3.4a), were all ~ 
100 %. Weak base anion exchange resin Duolite A7 showed a lower recovery (Fig. 
3.5a). For AG® 1-X8 resin, which is a strong base anion exchanger, standard humic 
material was not recovered.
3.1.2 Lake Mead Water Samples 
Water samples collected from Lake Mead were also used to evaluate recoveries 
of different resin methods. In these experiments, the evaporation method was chosen as 
a reference because this method does not introduce external interferences (column 
bleeding), and is the simplest technically, with least chance for loss o f organic matter.
42
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Figure 3.1 Fluorescence Recovery of Evaporation Method
Results showed that fluorescence spectra produced by resin methods were different 
compared to the evaporation method (Fig. 3.2b, Fig. 3.3b, Fig. 3.4b, Fig. 3.5b and Fig. 
3.6).
Discovery® DPA-6 S resin (Fig. 3.2b) showed the lowest resin blank. Also, short 
wavelength fluorescence was lost during the resin recovery procedure. This could imply 
that this resin cannot retain low molecular weight HS (Nikolaou et al., 2001; Hautala et 
al., 2 0 0 0 ).
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Figure 3.2 Fluorescence Recoveries o f Discovery® DPA-6 S Method
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Fluorescence from material isolated with Varian Nexus resin method (Fig. 3.3b) 
was also different from the evaporation method. The shorter wavelength fluorescence (< 
510 nm) was lost, while the longer wavelength fluorescence (>510 nm) was enhanced.
Similarly, Amberchrom® CG-71m resin method (Fig. 3.4b) resulted in a 
changed fluorescence spectrum compared with the evaporation method. The main peak 
(~ 390 nm) shifted to longer wavelengths after the resin procedure, and a new peak was 
produced at ~ 510 nm.
Both standard humic acid solution and Lake Mead water results for Duolite A7 
resin method (Fig. 3.5) showed that the fluorescence intensity from 270 nm to 670 nm 
was all decreased. These results imply incomplete sorption or desorption of all 
fractions rather than loss o f low molecular weight material.
Ci8 resin method showed a quite different effect (Fig. 3.6). The fluorescence 
intensity from 270 nm to 670 nm was enhanced, while the main peak at 370 nm was 
shift to a shorter wavelength (350 nm). Also, this procedure was hard to implement 
because o f the low flow rates (it took a few hours to process 200 mL o f water samples).
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3.2 Evaluation by TOC Recovery 
In addition to fluorescence recovery, TOC (total organic carbon) recovery was 
also investigated. Table 3.1 and Table 3.2 showed that all resins suffered from column 
bleeding, resulting in the TOC levels o f resin methods being higher than those of 
evaporation method. The bleeding problem caused by Cig resin (A% avg. = 363 %) was 
much higher and more erratic than that caused by Discovery® DPA-6 S resin (A% avg. = 
65 %). It is interesting that although the fluorescence recovery o f Discovery® DPA-6 S 
resin methods was lower than evaporation method, the TOC results were just the
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opposite. Therefore, it seems that organic materials leached from the resin do not 
fluoresce, at least in shorter wavelength range.
Table 3.1 TOC Results o f Evaporation and DPA-6 S Methods
Sample Evaporation (mg/L) DPA-6 S (mg/L) A%*
1. LVW (Surf.) 8.18 8.80 7.6
2. LWLVB (Surf.) 6.24 7.58 2 1
3. LVB2.7 (Surf.) 6.30 7.67 2 2
4. LVB 2.7 (4m) 8.06 8 . 1 0 0.5
5. LVB2.7 (15m) 4.21 7.37 75
6 . LVB 5.7 (Surf.) 4.66 7.17 54
7. INTAKE (Surf.) 4.26 7.96 87
8 . INTAKE (18m) 4.29 6.56 53
9. INTAKE (36m) 3.74 7.20 93
10. INTAKE (57m) 3.42 7.52 1 2 0
ll.B B -7  (Surf.) 4.53 6.89 52
12. CB-2 (Surf.) 3.67 6.85 87
13. CR351.7 (Surf.) 4.05 8.05 99
14. Hoover Dam (Surf.) 4.14 7.69 8 6
15. CR355.75 (Surf.) 4.31 7.18 67
16. CR355.75 (17m) 3.65 7.60 109
17. CR355.75 (36m) 4.08 7.68 8 8
18. CR355.75 (121m) 3.42 7.71 125
19. Virgin River (Surf.) 3.57 7.23 103
20. Muddy River (Surf.) 3.79 8.56 126
21. Colorado River (Surf.) 3.79 7.29 92
Avg. o f 21 samples 4.59 ±1.40 7.56 ± 0.54 65
Avg. o f 13 surf, samples 4.73 ± 1.36 7.61 ± 0.60 61
*: A % = [(DPA -  Evap.)/Evap.] x 100%. The uncertainty of TOC analysis is about ± 5 %.
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Table 3.2 TOC Results of Evaporation and Cig Methods
Sample Evaporation (mg/L) Cig (mg/L) A%*
1. LVB 8.0 (Surf.) 3.59 4.83 35
2. LVB 6.7 (40m) 3.95 70.55 1686
3. LVB 3.85 (12m) 5.65 4.17 -26(?)
4. INTAKE (41m) 2.97 2.61 -1 2 (?)
5. LVWLVB (Surf.) 5.63 14.71 161
6 . INTAKE (Surf.) 1.27 7.80 514
7. BB3 (48m) 3.41 2.54 -26(?)
8 . LVB 5.7 (48m) 2.31 16.01 593
9. LVB 2.15 (Surf.) 2.24 6.82 204
10. LVB 4.95 (30m) 5.26 39.83 657
11. LVB 7.3 (48m) 3.34 13.27 297
Avg. o f 11 samples 3.60 ± 1.44 16.65 ± 20.80 363
Avg. o f 4 surf, samples 3.18 ±1.89 8.54 ± 4.29 169
*: A % = [(Cig -  Evap.)/Evap.] x 100%
The uncertainty o f TOC analysis is about ± 5 %.
3.3 Summary
Table 3.3 shows a summary of methods of isolation and concentration for 
aquatic HS based on above results (Section 3.1 and 3.2) and previous experiments of 
other resin methods, such as XAD- 8  (acrylic ester polymer) and DEAE 
(diethylaminoethyl) cellulose (Steinberg, unpublished data). Combined with the later 
TMAH thermochemolysis results of resin blank levels (Section 7.1), eventually both 
evaporation and Discovery® DPA-6 S methods were selected for further different 
analyses.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
Table 3.3 Summary of Methods for Isolation and Concentration of Aquatic HS
Resin name Nature Average Recovery (%)*
Evaporation 1 0 1
Discovery® DPA-6 S NMS** 98.9 (low resin blank)
Varian Nexus NMS 99.0 (distinct difference in spectra with 
water sample)
Amberchrom® CG-71m NMS 92.8 (distinct difference in spectra with 
water sample)
Duolite A7 WBA*** 78.7
AG® 1-X8 SBA**** 0
Ci8 NMS > 1 0 0  (column bleeding)
XAD- 8 NMS 1 5 -2 0
DEAE cellulose WBA 1 5 -2 0
*: Using standard humic solutions 
**: Nonionic macroporous sorbent 
***: Weak base anion exchange resin 
****: Strong base anion exchange resin
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CHAPTER 4
pH AND DOC CONCENTRATIONS
Table 4.1 shows the appearance and pH (which were measured in our 
laboratory) o f both original summer and winter samples. Winter samples had more 
precipitate and lower pH than summer ones. These changes, especially the pH change, 
could imply a seasonal effect on amounts and chemical composition of aquatic HS in 
Lake Mead. Other physical properties obtained at sampling sites, such as water 
temperature, pH, conductivity, and dissolved oxygen, are shown in Table A-1.
To investigate the DOC concentration, water samples processed with 
evaporation procedure were analyzed according to the method described in Section 
2.4.1. As shown in Table 3.1, DOC levels o f summer samples (June 2002) ranged from 
3.42 to 8.18 mg/L, and the average concentration was 4.59 ± 1.40 mg/L. As a 
percentage of the DOC, HS increase with increasing DOC concentrations. In uncolored 
freshwater streams HS commonly comprise approximately 50 % of the DOC content of 
3 to 6  mg/L (Allard et al., 1991). Therefore, Lake Mead water contains about 2.30 ± 
0.70 mg/L of HS.
The Las Vegas Wash showed the highest DOC level (8.18 mg/L). It represents 
one inflow to Lake Mead. It carries urban runoff, shallow ground water, reclaimed 
water, and storm water. DOC levels of the other twelve surface water samples tend to
53
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Sample
Summer 
Sample Appearance pH
Winter 
Sample Appearance pH ApH(%)*
1. LVW (Surf.) Yellow 8.29 Light yellow (yellow^) 7.46 - 1 1
2. LWLVB (Surf.) Yellow (yellow-greeu'l**) 8.14 Light brown (browni) 7.96 -2.3
3. LVB 2.7 (Surf.) Light yellow (yellowi) 8.19 Colorless (whitei) 7.49 -9.3
4. LVB 2.7 (4m) Veiy light yellow 8.19 Colorless (white4<) 7.24 -13
5. LVB 2.7 (15m) Light yellow 8 .0 1 Light yellow (whitei) 7.50 -6 .8
6 . LVB 5.7 (Surf.) Colorless 7.86 Colorless (whitei) 7.59 -3.6
7. INTAKE (Surf.) Colorless 8 .0 1 Colorless (white>l) 7.51 -6 . 6
8 . INTAKE (18m) Colorless 7.88 Colorless (white4') 7.70 -2.3
9. INTAKE (36m) -- 8.24 Colorless (whitei) 7.53 -9.4
10. INTAKE (57m) Very light yellow 8 .2 1 Colorless (whitei') 7.42 - 1 1
ll.BB-7 (Surf.) Colorless 7.87 Colorless (whitei') 7.65 -2.9
12. CB-2 (Surf.) Colorless 7.98 Colorless (whitei') 7.81 -2 . 2
13. CR351.7 (Surf.) Colorless 8 .2 1 Colorless (whitei) 7.38 - 1 1
14. Hoover Dam (Surf.) Colorless 7.72 Colorless (whitei) 7.46 -3.5
15. CR355.75 (Surf.) Colorless 7.96 Colorless (whitei) 7.60 -4.7
16. CR355.75 (17m) Light yellow 8.33 Colorless (whitei) 7.58 -9.9
17. CR355.75 (36m) Colorless 8.19 Colorless (whitei) 7.34 - 1 2
18.CR355.75 (121m) Colorless 7.96 Colorless (whitei) 7.40 -7.6
19. Virgin River (Surf.) -- 8.06 Light brown (browni) 7.41 -8 .8
20. Muddy River (Surf.) -- 8.46 Light yellow (whitei) 7.86 -7.6
21. Colorado River (Surf.) Light brown (brown-redW) 7.82 Light brown (browni) 7.36 -6.3
A pH (%) = [(pH winter “ pH summer)/ pH winter] X 100% **: i  = little precipitate, #  = a lot of precipitate
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decrease with increasing distance from the Las Vegas Wash (Fig. 4.1).
Fig. 4.2 shows the depth profiles o f DOC concentrations. The deeper sampling 
locations had lower DOC concentrations. However, there were exceptions, such as 
samples from LVB 2.7 (4m), Intake (18m), and CR 355.75 (36m). The similar 
phenomena were observed in synchronous fluorescence spectra. The correlations 
between these two measurements are discussed in Chapter 8 .
Site
Figure 4.1 DOC Levels o f Surface Waters in Lake Mead (June 2002)
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CHAPTER 5
SPECTROSCOPIC CHARACTERIZATION
5.1 Synchronous Fluorescence Spectroscopy
5.1.1 Selection of Optimum Conditions 
Various experimental conditions were tested for synchronous fluorescence 
scans. For example, water concentrates were tested at pH 2 and 7 (adjusting with 
concentrated NH4OH), slit width was set at 1, 2 and 4 nm, and wavelength difference 
(AX) was set at 10, 20, 30 and 60 nm. Results showed that fluorescence spectra at pH 2 
and pH 7 were different. The fluorescence intensity with neutral pH was higher than 
that with pH 2. Some samples showed changed spectra when pH changed from 2 to 7 
(Fig. 5.1). The larger the slit width value, the higher the fluorescence intensity. When 
AX was changed from 20 nm to 60 nm, the fluorescence intensity became much higher, 
however, the spectrum with AX of 60 nm showed featureless structures (Fig. 5.2). 
Therefore the optimum conditions were as follows: sample pH 2, slit width of 4 nm, and 
wavelength difference of 2 0  nm.
5.1.2 Site Profiles
Summer and winter samples processed with the evaporation procedure were 
analyzed using synchronous fluorescence spectroscopy, according to the method 
described in Section 2.4.2.1. Fig. 5.3 shows the synchronous fluorescence results of
57
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Figure 5.1 pH Effect on Fluorescence (Performed on PE MPF-4 Fluorescence 
Spectrophotometer with Slit Width of 4 nm and AX o f 20nm)
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Figure 5.2 Determination of Optimum Wavelength Difference 
(Performed on QuantaMaster™ QM-2001-4 Spectrofluorometer with Sample of Intake
36 m, pH 2 and Slit Width of 4 nm)
water concentrates from thirteen surface sources in summer of 2002. The synchronous- 
scan emission spectra are generally characterized by two or three main peaks at 375, 
398, 419, and 489 nm. LVW sample showed the highest fluorescence emission 
intensity. As compared with other sites in Fig. 5.3b, LVW, Virgin River, Muddy River, 
Colorado River, LWLVB, and LVB 2.7 in Fig. 5.3a showed a peak shift toward longer 
wavelength in the middle range. Winter site profiles are shown in Fig. A-1.
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Figure 5.3 Synchronous Fluorescence Spectra of Summer Surface Waters (June 2002)
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5.1.3 Depth Profiles
In addition to site profiles, depth profiles were also investigated. Fig. 5.4 shows 
summer depth profiles at SNWA Intake site. The spectral shapes were quite similar, 
however, fluorescence intensity increased with depth. The fluorescence signal for the 
surface was lower than others. This may be the result o f photo bleaching in the surface 
water (Hessen et al., 1998). Summer depth profiles in LVB 2.7 site and CR 355.75 site 
are shown in Fig. A-2. Winter sample depth profiles are shown in Fig. A-3. All the 
depth profiles in both summer and winter followed the similar pattern mentioned above, 
however, exceptions did exist. Seasonal variations will be discussed next in Section 
5.1.4.
5.1.4 Seasonal Variations 
As mentioned in Chapter 1 (Section 1.2), allochthonous sources (vegetation near 
the water) and autochthonous sources (algae in water) contribute to the aquatic humus. 
These sources in lakes change seasonally with the volume of flow, the growth and 
decay cycles of the terrestrial and marsh vegetation and algal biomass. To better 
understand the seasonal variations o f aquatic HS in Lake Mead, summer and winter 
samples were compared.
The summer and winter fluorescence spectra were qualitatively similar. 
Generally the winter fluorescence was lower in intensity than the summer. Fluorescence 
at shorter wavelength showed greater variability. The twenty-one samples studied can 
be roughly divided into four categories:
• Two samples showed that in whole wavelength range winter intensity was lower 
than summer, but the decreased ratios may be different in shorter and longer
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Figure 5.4 Summer Depth Profiles o f Intake Site (June 25, 2002)
wavelength (Fig. 5.5, Fig. A-4).
• Three samples showed that in whole wavelength range winter was higher than 
summer (Fig. 5.6, Fig. A-5 and Fig. A-6).
• Twelve samples showed that in shorter wavelength range winter was lower than 
summer, while in longer wavelength range winter was higher or equal than 
summer (Fig. 5.7, Fig. A-7 to Fig. A-17).
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Four samples showed that in shorter wavelength range winter samples had an 
intensity shift to shorter wavelength. In longer wavelength winter was lower or 
equal than summer (Fig. 5.8, Fig. A-18 to Fig. A-20).
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8Io3
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600 700
Figure 5.5 Seasonal Comparison of LVB 2.7 (4m) Samples
When taking the average of thirteen winter surface samples and comparing with 
that of thirteen summer surface samples, it was found that in shorter wavelength range 
winter was lower than summer; in longer wavelength range winter was a little higher 
than summer (Fig. 5.9). Again, this observation could imply the different contributions 
o f both allochthonous and autochthonous sources in two seasons.
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5.1.5 Sample Stability Test 
Sample stability test was performed by rescanning the synchronous fluorescence 
spectra (May 7, 2003) three months after the initial scans (Feb. 6, 2003). An example is 
shown in Fig. 5.10. The spectral shapes were the same, while the fluorescence intensity 
in May 2003 was slightly higher than that in February 2003. It seemed that the water 
samples were concentrated a little. One possible reason could be water evaporation 
during the sample storage. The other possible reason could be instrumental variations, 
e.g., the lamp intensity change.
1.6
1.4
1.2
(C
. i  '  ^
CO
8 0.8 H
CO 0 . 6  -
2o
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0.2 - 
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200
Feb.2003 
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Figure 5.10 Sample Stability Test with Virgin River Water Concentrate
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5.2 EEM Spectroscopy 
This part o f experiment was performed by using a QuantaMaster™ QM-2001-4 
Spectrofluorometer (Photon Technology International, Inc., USA). As mentioned in 
Chapter 1 (Section 1.4.2.2), EEM produces fluorescence spectra at many different 
excitation wavelengths, and represents a complete fluorescence fingerprint of a sample. 
Literature showed that this technique can be used to discriminate HS from different 
sources (soil or aquatic) and different types o f HS components (humic and fulvic acids) 
from the same sources (Chen et al., 2003; Mobed et al., 1996).
Fig. 5.11 and Fig. 5.12 provide two examples o f our EEM results. The 
differences between LVW sample and Virgin River sample, e.g., different maximum 
intensities at different Igx/iem values, and different two maximum ratios, can be seen 
clearly in both landscape and contour plots.
Yan et al. (2000) reported two types of DOM fluorescence signals that were 
observed in EEM spectra o f natural water: a humic acid-like fluorescence and a protein- 
or amino acid-like fluorescence. However, their results were obtained under different 
scanning scopes of excitation and emission wavelengths. In addition, we did not have 
standard compounds to confirm the peak identity. Therefore, further explanation on 
EEM spectra will be done in the future.
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5.3 UV-Visible Spectroscopy 
UV-visible spectra o f summer samples were examined. Results o f thirteen 
surface waters (Fig. 5.13) showed that all spectra consisted of a single peak, and 
absorbance decreased in a roughly exponential way with increasing wavelength from 
about 270 nm. Samples from the Las Vegas Wash (LVW), the Muddy River, and the 
Virgin River had the highest absorbance, which indicated that waters from these three 
sources were diluted in the Lake. LVW and LWLVB sites showed a flat peak, which 
probably resulting from two close absorbance bands. LWLVB and LVB 2.7 sites 
showed two shoulders at 300 ~ 330 nm and 350 ~ 380 nm. These observations indicated 
the effects o f the Las Vegas Wash on the surrounding waters.
Fig. 5.14 is the depth profiles at Intake site. The surface water showed the 
broadest UV absorbance and a small shoulder at 350 ~ 390 nm. The sample at 57 m had 
lower absorbance than others, especially in wavelength scope of 270 to 700 nm. Except 
36 m sample, absorbance decreased with increasing depth of water. This observation is 
different from the fluorescence results (Section 5.1.3), which indicated that the deeper 
the water, the higher the fluorescence intensity. Depth profiles at LVB 2.7 and CR 
355.75 sites are shown in Fig. A-21.
Although UV-visible spectra o f aquatic HS are relatively featureless, they 
provide useful structural information. For example, the absorbance ratio 250/365 nm 
(E2/E3) correlates with the molecular size and aromaticity o f aquatic humic solutes. The 
ratio 465/665 nm (E4/E6) has been proposed to characterize the degree of humification. 
Another absorbance ratio o f 207/470 nm has also been presented to distinguish HS 
derived from different sources (Peuravuori et al., 1997; Hautala et al., 2000; Fooken et
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Figure 5.14 Depth Profiles of UV-Visible Spectra at Intake Site (June 2002)
al., 2000). In this research absorbance ratios of E2/E3 and E4/E6 were investigated (Table
5.1).
Among thirteen summer surface waters (2002), E2/E3 ratios in the middle o f the 
Lake were higher than those of the four sources and near the sources (Fig. 5.15a), while 
E4/E6 ratios were just the opposite (Fig. 5.15b). Compared with literature (Peuravuori et 
al., 1997), our E2/E3 values were much lower. According to their results, lower E2/E3 
values could imply higher molecular size and aromaticity.
In addition to absorbance ratios, specific UV absorbance, e.g., SUVA254 is a 
useful parameter for natural organic matter (NOM) characterization. High SUVA 
waters are generally enriched in aromatic NOM, such as HS. Therefore, SUVA
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Table 5.1 UV-Visible Spectra Characterization of Summer Samples (June 2002)
Sample E2/E3 E4/E6 SUVA254 
(Lm g-\ xlO^)
S 273
(L-moT'-cm')
1. LVW (Surf.) 0.23 5.30 0.91 61.9
2. LWLVB (Surf.) 0.17 2.00 1.03 69.4
3. LVB2.7 (Surf.) 0.24 2.11 0.84 50.8
4. LVB2.7 (4m) 0.45 2.34 0.51 38.9
5. LVB2.7 (15m) 0.88 1.04 2.09 75.1
6. LVB5.7 (Surf.) 0.58 1.12 1.64 67.5
7. Intake (Surf.) 0:76 0.96 2.01 68.9
8. Intake (18m) 0.77 1.10 1.59 65.6
9. Intake (36m) 0.52 1.14 1.83 81.9
10. Intake (57m) 0.78 1.11 1.78 76.7
11. BB-7 (Surf.) 0.88 1.08 1.57 58.1
12. CB-2 (Surf.) 0.87 0.93 2.05 68.5
13.CR351.7 (Surf.) 0.50 1.63 1.24 61.5
14. Hoover Dam (Surf.) 0.61 1.23 1.49 67.5
15. CR355.75 (Surf.) 0.27 3.76 1.07 60.1
16. CR355.75 (17m) 0.81 1.09 1.93 74.0
17. CR355.75 (36m) 0.78 1.02 1.90 71.3
18. CR355.75 (121m) 1.21 0.97 1.88 74.6
19. Virgin River (Surf.) 0.38 1.28 2.16 109.5
20. Muddy River (Surf.) 0.36 1.39 2.06 111.4
21. Colorado River (Surf.) 0.23 11.56 1.43 89.3
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indicates aromatic components in the DOC and can be used as a characterization of the 
DOC at a given location (Frimmel, 2000; Nikolaou et al., 2001; Leenheer et al., 2003). 
The results o f SUVA254 of summer samples are listed in Table 5.1. In this research, 
molar absorptivities (s) of the twenty-one summer samples at 273 nm were also 
calculated (Table 5.1). The wavelength of 273 nm was chosen not only because it 
presented the maximum absorbance in almost every spectrum, but also because u -> it* 
electron transition occurs in UV region of 270 -  280 nm for phenolic substances, 
benzoic acids, aniline derivatives, polyenes and polycyclic aromatic hydrocarbons with 
two or more rings. Many of these compounds are thought to be common structural 
subunits in humic matter (particularly in that derived from terrestrial sources) 
(Peuravuori et al., 1997). Also, this wavelength is close to 280 nm that was used by 
other researchers (Peuravuori et al., 1997; Chin et al., 1994). Site profiles o f thirteen 
surface waters (June 2002) are shown in Fig. 5.16. 8 values o f the Virgin River, the 
Muddy River, and the Colorado River were higher than those at other sites.
The molar absorptivity (e), based on a mole of organic carbon (L-mol'^-cm'^), 
was calculated instead of the weight of humic matter per unit volume water in order to 
compare to the results of Peuravuori et al. (1997). The molar absorptivities ranged from 
39 to 111 Lmol'^ cm"\ and did not fall with the range reported by the above authors. 
Their results showed that there were linear correlations between aromaticity (*^C- 
NMR), average molecular weight, and s at 280 nm:
Aromaticity = 0.057s + 3.001, n = 39, r  ̂= 0.84 
Log MW = 0.003s +2.452, n = 40, ^ = 0.77
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Since our e values were lower, aromaticity and molecular weight should be 
lower based on above equations. These predictive results are contradictory with those of
E2/E3 . Also, according to Chin et al. (1994), the molar absorptivities o f the aquatic 
fulvic acid samples ranged from 100 to more than 400 L (mol o f OC) ' cm '. The 
magnitude of 8  is indicative of both the degree of humification that has occurred and the 
contribution of terrestrial materials present in the organic matter sources. The relatively 
low molar absorptivity is representative of humic materials that were originally formed 
firom the extracellular and/or decompositional byproducts o f phytoplankton and 
bacteria. Conversely, the sample comprised of organic precursors from higher plants 
has a considerably larger molar absorptivity. Their correlations are as follows: 
Aromaticity = 0.05s + 6.74, n = 7, r^= 0.90 
MW = 3.99s + 490, n = 11, r^= 0.97 
The correlations o f our data are discussed in Chapter 8 .
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5.4 IR Spectroscopy 
Infrared spectroscopy (IR) has been widely used for the characterization of 
complex organic macromolecules such as HS. A variety o f bands characteristic of 
molecular structures and functional groups have been identified for these substances 
(Niemeyer et al., 1992). In this research, a Fourier transform Infrared (FTIR) 
spectrometer with a photoacoustic detector was used to investigate aquatic HS in Lake 
Mead (Section 2.4.2.4). Eleven winter samples were scanned due to the limited amounts 
of solid phase HS concentrates. The spectra o f nine surface waters are presented in Fig. 
5.17. These spectra are similar to the IR spectrum of a stream fulvic acid (Bloom et al., 
1989). The depth profiles in Intake site are shown in Fig. 5.18. The main peaks 
(absorbance bands) and corresponding assignments obtained are listed in Table 5.2.
IR spectra provided following information on structure units and functionalities: 
0-H  stretch of hydroxyl and carboxyl groups at 3400 (or 3600) ~ 2400 cm '; aromatic 
C-H stretch, N-H stretch of 1° and 2° amines and amides at 3130 cm '; aromatic C-H 
stretch, C-H stretch of alkenes at 3050 cm '; symmetric C-H stretch of -CH 2, C-H 
aldehydes at 2830 cm"'; C=0 stretch o f carbonyl functional groups (particularly 
aldehydes, ketones and carboxyl groups) at 1750 ~ 1700 cm"'; C=C stretch of aromatics 
and alkenes, asymmetric -COO" stretch, N-H bend of 1° and 2° amines and amides at 
1600 cm"'; C-H deformation of -CH 3 and -CH  bending of CH2 at 1450 cm"'; C -0 of 
alcohols, ethers, esters, carboxylic acids, and anhydrides at 1100 cm"'; C-H out of plane 
bending of aromatics and alkenes at 980 cm"'; C-H out of plane of alkenes and 
aromatics at 830 cm"'.
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Figure 5.17 IR Spectra of Winter Surface Waters (January 2003)
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Table 5.2 FTIR Peaks of Winter Samples (January 2003)
Peak (cm'*) Assignment
3400 (3600) ~ 0-H  stretch of hydroxyl and carboxyl groups
2400
3130 Aromatic C-H stretch, N-H stretch of 1° and 2° amines and
amides
3050 Aromatic C-H stretch, C-H stretch of alkenes
2830 Symmetric C-H stretch of -CH2-, C-H aldehyde
1750 -1700 C=0 stretch of carbonyl functions (aldehydes, ketones and
carboxyl groups)
1600 C=C stretch of aromatics and alkenes, asymmetric -COO
stretch, N-H bend of 1° and 2° amines and amides
1450 C-H deformation of -CH3 and -CH bending o f CH2
1100 C -0 of alcohols, ethers, esters, carboxylic acids, anhydrides
980 C-H out o f plane bending o f aromatics and alkenes
830 C-H out of plane o f alkenes and aromatics
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CHAPTER 6
AVERAGE MOLECULAR WEIGHT AND MOLECULAR WEIGHT
DISTRIBUTIONS
6.1 HPSEC Calibration 
Molecular weight (MW) has important implications for the chemical transport 
properties o f HS. MW for HS is always a distribution (Kudryavtsev et al., 1999). 
Methods often used for determining molecular weights and sizes o f HS were 
enumerated in Chapter 1 (Section 1.4.3). The most extensively used method for the 
investigation of MW distribution of HS is HPSEC (Peuravuori et al., 1997; Section
1.4.3.1).
An important concern with HPSEC method is molecular weight calibration. 
Ideally, standard materials should have the similar structures and chromatographic 
behaviors as the analytes. However, there are no isolated HS fractions with known 
compositions and narrow molecular size distributions. Also, only non-humic model 
compounds are commercially available. Among these compounds, polystyrene 
sulfonates (PSS) seem to be a viable choice. It has been reported that aquatic HS and 
PSS behave similarly during chromatographic elution on HPSEC and have similar 
hydrodynamic properties (Peuravuori et al., 1997; Pelekani et al., 1999).
81
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In this research, PSS standards and sodium benzoate were used for calibration of 
the HPSEC system. The relationships between the logarithms of molecular weights (log 
MW) and elution time (t) for UV and fluorescence detection were linear. Calibration of 
HPSEC separation resulted in the following equations:
Log MW = - 0.20011 + 6.0906 n = 5 r  ̂= 0.9856 (UV detection)
Log MW = - 0.3261 1 + 7.6074 n = 4 r  ̂= 0.9735 (Fluorescence detection) 
It was found that the correlation coefficient using UV detection (254 nm) was 
always better than that o f fluorescence detection (excitation wavelength: 305 ~ 395 nm, 
emission wavelength: 430 ~ 470 nm). For fluorescence detection, with increasing MW 
of PSS, the deviation from the linear regression became larger (Fig. 6.1). This 
observation can partially explain why the MWs derived from fluorescence signals were 
always lower than those from UV signals (see later discussion).
With the calibration curves, average molecular weights and molecular weight 
distributions were calculated using an integration method implemented with 
MathCAD™ software. Appendix 6 provides an example of the calculation procedure.
6.2 HPSEC Analysis of Summer Samples 
HPSEC chromatograms of humic solutes from summer 2002 surface waters by 
UV detection are presented in Fig. 6.2. In this research, two GPC columns were used to 
enhance the separation. Each water sample showed similar elution profiles. The two 
major peaks at retention time of 14.7 and 16.6 min were found in every sample. This 
could mean that all the waters had the similar MW distribution. However, subtle 
differences between samples were noted. The Las Vegas Wash sample (LVW) showed
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a different ratio between the two major peaks mentioned above, and LWLVB and 
LVB2.7 samples followed the same pattern.
4.5
y = -0.2001x + 6.0906 
R̂  = 0.9856
0.5 -
252010 150 5
t  ( m i n )
( a )  U V  D e t e c t i o n
4.5
3.5
y = -0.3261X + 7.6074 
= 0.9735
2.5
I
1.5
0.5
1610 12 140 2 4 6 8
t  ( m i n )
( b )  F l u o r e s c e n c e  D e t e c t i o n
Figure 6.1 HPSEC Calibrations with PSS Standards
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Figure 6.2 HPSEC Chromatograms of HS in Summer Surface Waters by UV Detection
(Signals were offset for clarity)
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Again, these results could indicate the plume influence of the Las Vegas Wash 
on the surrounding waters in the Lake. In addition, the samples from the Colorado River 
and LVW showed a small peak at 7.0 min, which indicated the existence of large-sized 
humic solute.
HPSEC chromatograms monitored by fluorescence detection are shown in Fig. 
6.3. It confirmed the two main peaks found by UV detection and the unique profile of 
LVW sample.
The calculated average molecular weights and size distributions o f summer 
samples are shown in Table 6.1. The fluorescence signal gave lower average MW than 
the UV signal. Fluorescence signal also indicated a larger contribution for low MW 
material (Fig. 6.4 and Fig. 6.5). This is indicative o f lower fluorescence with increased 
MW. In addition, as mentioned earlier, with increasing MW the fluorescence signals of 
PSS standards deviated from the regression curve (Fig. 6.1b). This deviation resulted in 
lower calculated MW than UV detection. This is because the deviation resulted in a 
bigger absolute slope value of regression equation, and in relatively low MW range, the 
bigger absolute slope resulted in the lower MW estimation. However, the MW 
distributions by fluorescence detection (Fig. 6.5) showed that the majority o f HS was 
less than 5000, which was quite similar to that by UV detection.
Based on the above results and discussion, it is clear to see that average MWs 
and MW distributions obtained by UV detection are more reliable. Therefore, results 
with UV detection will be used for later discussion.
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by Fluorescence Detection (Signals were offset for clarity)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
In addition, Colorado River and LVW showed the highest average molecular 
weights (5505 and 3871, respectively), since they had a significant fi-action of MW 
greater than 10,000 (the small peak at retention time of 7.0 min in Fig. 6.2), and a small 
fi-action of high molecular weight can drastically inflate the average MW. Although 
high molecular weights were found at some sites, the bulk of HS was less than 5000, 
and the average molecular w e i^ ts  were fi'om 500 to 5500. Compared with the research 
by others, our results are similar (Everett et al., 1999; Pelekani et al., 1999; Miles et al., 
1983) or lower (Peuravuori et al., 1997). However, our findings indicate that the aquatic 
humic solutes fix>m Lake Mead are smaller in size and have a narrower molecular 
weight range than previously believed, although they also contain some very large-sized 
constituents (Peuravuori et al., 1997; Miles et al., 1983).
The depth profiles at LVB2.7, Intake and CR355.75 sites are presented in Fig. 
A-22 to Fig. A-24.
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Table 6.1 MW Distributions of Summer Samples (June 2002)
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Sample Avg. >10000
UV
5000-10000
(%)
500-5000 <500 Avg. >10000
Fluorescence
5000-10000
(%)
500-5000 <500
1. LVW (surf.) 3871 2.6 0 56.8 42.2 472 0 O.OI 37.8 62.4
2. LWLVB (surf.) 491 0.07 0.07 49.3 50.9 265 O.OI O.OI 35.0 65.2
3. LVB2.7 (surf.) 759 0.02 0 54.8 46.0 282 0 0 37.1 63.0
4. LVB2.7 (4m) 494 0.03 0.03 47.3 52.9 213 0 0.06 33.1 67.0
5. LVB2.7 (15m) 2631 1.4 0 61.7 38.1 350 0.13 0.09 45.6 54.6
6 . LVB5.7 (surf.) 959 0 0 59.0 42.3 140 0.19 0.16 38.2 62.0
7. INTAKE (surf.) 1743 0.57 0 62.1 38.4 319 0.22 0.17 44.7 55.6
8 . INTAKE (ISm) 749 0 0 55.5 47.9 466 0.08 0.07 40.0 60.3
9. INTAKE (36m) 1300 0.05 0 58.0 43.6 590 0.17 0.13 47.1 53.1
10. INTAKE (57m) 1366 0.35 0 62.4 38.0 296 0.16 0.13 46.5 53.6
II. BB-7 (surf.) 2691 1.3 0 64.5 35.5 368 0.41 0.31 49.1 511
12. CB-2 (surf.) 2565 1.4 0 58.8 40.6 344 0.30 0.25 45.2 55.0
13. CR35I.7 (surf.) 1066 0 0 57.8 43.1 238 0.17 0.15 40.4 59.8
14. Hoover Dam 2044 0.20 0 69.1 33.0 678 0.23 0.19 52.3 47.9
15. CR355.75 (surf.) 3434 1.7 0 65.5 34.9 648 0.30 0.21 51.2 49.0
16. CR355.75 (17m) 1487 0 0 62.2 39.8 535 0.21 0.18 45.1 55.2
17. CR355.75 (36m) 1186 0 0 62.0 39.4 346 O.II 0.09 45.1 55.1
IS. CR355.75 (I2Im) I3II 0.13 0 67.0 33.8 320 0.30 0.23 49.4 50.8
19. Virgin River (surf.) 824 O.IO 0.12 62.9 37.2 350 0.02 0 49.1 51.0
20. Muddy River (surf.) I64I 0.70 0 63.4 36.5 438 0 0 53.3 46.9
21. Colorado River (surf.) 5505 4.1 0 63.5 35.1 610 0.02 O.OI 47.7 52.4
89
■ >10K
■ 5K-10K 
□ 500-5K
■ <500
Site
Figure 6.4 MW Distributions of Summer Surface Waters by UV Detection
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Figure 6.5 MW Distributions o f Summer Surface Waters by Fluorescence Detection
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6.3 Seasonal Variations 
Seasonal variations in MWs and molecular weight distributions among the 
twenty-one sampling sites are apparent in the size-exclusion-chromatograms. Fig. 6.6 
provides an example. The two HPSEC chromatograms illustrate the seasonal variations 
at LVW site in Lake Mead. The average MW in summer was 3871 and 641 in winter. 
Winter MW distributions shifted to lower molecular weight. This shift was apparent for 
most of the sampling sites. It may reflect decomposition or remineralization of low 
molecular weight constituents in warmer water (Table 6.2). In addition, summer 
average molecular weight in surface waters was 2123, twice high as the winter average 
(1094).
January 2003 
MW (avg.) = 641
Q.
June 2002 
MW (avg.) = 3871
10 15 20 25 30
Retention Time (min)
Figure 6.6 Seasonal Variations in MW Distributions at LVW Site 
(Signals were offset for clarity)
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Table 6.2 Seasonal Variations in MW Distributions by UV Detection
3
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CD
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Sample
Average MW 
Summer Winter
>10000  (%) 
Summer Winter
5000-10000(%) 
Summer Winter
500-5000(%) 
Summer Winter
< 500 (%) 
Summer Winter
1. LVW (surf.) 3871 641 2.6 0.8 0 0 56.8 37.6 42.2 63.5
2. LWLVB (surf.) 491 728 0.07 0.4 0.07 0 49.3 46.2 50.9 54.7
3. LVB2.7 (surf.) 759 1029 0.02 0.9 0 0 4.8 49.7 46.0 50.7
4. LVB2.7 (4m) 494 1071 0.03 0.8 0.03 0 47.3 44.0 52.9 57.1
5. LVB2.7 (15m) 2631 774 1.4 0.8 0 0 61.7 43.4 38.1 56.7
6 . LVB5.7 (surf.) 959 1438 0 4.7 0 0 59.0 45.6 42.3 50.1
7. INTAKE (surf.) 1743 808 0.57 0.8 0 0 62.1 38.8 38.4 61.7
8 . INTAKE (18m) 749 603 0 0.5 0 0 55.5 32.2 47.9 68.6
9. INTAKE (36m) 1300 494 0.05 0.5 0 0 58.0 32.3 43.6 70.8
10. INTAKE (57m) 1366 938 0.35 0 0 0 62.4 74.1 38.0 27.8
11. BB-7 (surf.) 2691 789 1.3 0.7 0 0 64.5 45.0 35.5 55.4
12. CB-2 (surf.) 2565 653 1.4 0.7 0 0 58.8 34.6 40.6 65.8
13. CR351.7 (surf.) 1066 3132 0 1.0 0 0 57.8 50.2 43.1 49.9
14. Hoover Dam 2044 773 0.20 1.0 0 0 69.1 43.0 33.0 59.2
15. CR355.75 (surf.) 3434 927 1.7 1.9 0 0 65.5 41.0 34.9 58.4
16. CR355.75 (17m) 1487 894 0 0.7 0 0 62.2 60.4 39.8 40.8
17. CR355.75 (36m) 1186 705 0 0.5 0 0 62.0 46.9 39.4 54.4
18. CR355.75 (121m) 1311 830 0.13 0.01 0 0 67.0 56.2 33.8 44.9
19. Virgin River (surf.) 824 1338 0.10 1.6 0.12 0 62.9 53.1 37.2 46.3
20. Muddy River (surf.) 1641 898 0.70 0.5 0 0 63.4 53.0 36.5 47.6
21. Colorado River (surf.) 5505 1066 4.1 2.3 0 2.3 63.5 67.8 35.1 32.8
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6.4 Relationship between Molecular Weights Generated 
by HPSEC and SPLIT! Methods 
In addition to HPSEC method, SPLIT! method was also investigated during the 
early stage of this research. As discussed in Chapter 1 (Section 1.4.3.2), SPLIT! 
method belongs to the family o f field flow fi-actionation technique (FEE). It determines 
molecular weight based on different diffusion coefficients o f different components in a 
sample.
The SPLIT! cell was calibrated using sodium benzoate (0.100 g/L in 0.02 M 
NaaCOs) and several polystyrene sulfonate standards (1.000 g/L in 0.02 M NazCOs), 
ranging fi*om 1430 to 35000. Fig. 6.7 shows the results obtained fi*om two UV detectors 
for a PSS standard with MW of 4800. The calibration curve for the SPLIT! cell is 
presented in Fig. 6.8.
Outlet a
2
i f
Outlet b
0 2 6 8 104
Tim e (min)
Figure 6.7 UV Signals versus Time with a PSS Standard o f MW 4800
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y = 4.8953x + 2.0119 
= 0.967
Log MW
Figure 6.8 SPLIT! Cell Calibration with PSS Standards
The MW results obtained by both SPLIT! and HPSEC methods are shown in 
Table 6.3. Correlation analysis did not show any relation between the two sets of 
results. It is noteworthy that the molecular weights derived from both methods are all 
originally on the logarithmic scale, so there is no great variation among these results. 
However, using HPSEC data we can calculate molecular weight distributions. In 
addition, the evaporative concentration could result in high-density solutions that 
convoluted the diffusion of the cell and interfered with the SPLIT! analysis. Therefore, 
HPSEC results will be used for later discussion.
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Table 6.3 Comparison of MWs Derived from both SPLITT and HPSEC Methods
Sample HPSEC (MW) 
Peak Max. Avg.
SPLITT
(MW)
HPSEC (log MW) 
Peak Max. Avg.
SPLITT
(logMW)
1. LWLVB (surf.) 1398 2561 709 3.15 3.41 2.85
2. LVB2.15 (surf.) 1420 1263 911 3.15 3.10 2.96
3. LVB3.85 (12m) 1390 588 793 3.14 2.77 2.90
4. LVB4.95 (30m) 1368 9532 1270 3.14 3.98 3.10
5. LVB5.7 (48m) 804 532 2207 2.91 2.73 3.34
6. LVB6.7 (40m) 799 970 807 2.90 2.99 2.91
7. LVB7.3 (48m) 1383 1713 918 3.14 3.23 2.96
8. LVB8.0 (surf.) 767 532 2502 2.88 2.73 3.40
9. Intake (surf.) 1405 599 565 3.15 2.78 2.75
10. Intake (41m) 808 5893 568 2.91 3.77 2.75
ll.BB-3 (48m) 1390 1340 621 3.14 3.13 2.79
Average 1176 2320 1079 3.06 3.15 2.97
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CHAPTER 7
STRUCTURAL CHARACTERIZATION
7.1 Evaluation of Resin Blank Levels 
In Chapter 3 (Section 3.1), different resins were evaluated based on their 
fluorescence properties. To investigate thermochemolysis products of aquatic HS 
isolated and concentrated with the resin methods, thermochemolysis products o f these 
resin blanks should be first examined. In this part o f experiment, two promising resins, 
including Discovery® DPA-6S and Amberchrom® CG-71m resins, were processed by 
running nano-pure water instead of standard humic solutions or water samples 
according to the procedures described in Chapter 2 (Section 2.3.2.1 and 2.3.2.6). The 
obtained solid residues of these blank samples were then analyzed using the method of 
Section 2.4.4.
Fig. 7.1 shows the TMAH GC-MS thermochemolysis chromatograms for the 
two resins. To make comparison, the peak signals were normalized by the sample 
quantities in grams. In Table 7.1 seven ions that were a measure o f several important 
target compounds were listed. Their m/z values were 74, 105, 135, 138, 165, 168, and 
195, respectively. For m/z o f 74, both resins showed roughly the same background 
intensity, while for other six components Discovery® DPA-6S resin had lower 
background levels.
95
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Base on the above results and the higher price of Amberchrom® CG-71m resin, 
we concluded that Discovery® DPA-6S resin was our better choice.
7.2 Qualitative Characterization of Aquatic Humic Substances in Lake Mead
7.2.1 On-line Method 
Summer and winter water samples processed with Discovery® DPA-6S resin 
method (Section 2.3.2.1) were analyzed using on-line TMAH thermochemolysis GC- 
MS method (Section 2.4.4.1.1). Fig. 7.2 provides two examples o f chromatograms. 
Other sample results are shown in Fig. A-25 to Fig. A-45. Some of the commonly 
observed TMAH thermochemolysis products and the peak identifications are listed in 
Table 7.2. These products are categorized under subheadings (such as fatty acid methyl 
esters and lignin-derived TMAH products, etc.) suggesting potential precursors, 
although there is sometimes overlap and uncertainty when assigning sources for TMAH 
products (Frazier et al., 2003).
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(a) Discovery® DPA-6S Resin
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Scan Number and Retention Time (min)
(b) Amberchrom® CG-71m Resin
Figure 7.1 TMAH Thermochemolysis GC-MS Chromatograms of Two Resin Blanks
(Peaks were normalized to 100%)
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Table 7.1 Comparison of TMAH GC-MS Products of Two Resin Blanks
m/z Ion Structure
Normalized Peak Intensity (mg'^) 
Discovery® DPA-6S Amberchrom® CG-7 Im
7 4  +OH OH
1 0 5
1 3 5
1 3 8
1 6 5
1 6 8
1 9 5
' C H f  ^ C H j ^ •CHz'^OCHj 
C a = 0
OCH3
OCH:
OCH3
+  •
OCH3
cx:h3
0 CH3
0 CH3
0CH3
C = o
OCH,,HC(
0CH3
1 .8  X 10'*
5 . 4 x 1 0 ^
4 . 4  X 1 0 ^
1 .4  X 1 0 ^
5 . 7  X 1 0 "
4 . 3  X 1 0 *
3 . 0  X 1 0 ^
1 .3  X 1 0 "
6 . 0  X 1 0 "
2 . 5  X 1 0 "
3 . 2  X 1 0 "
3.8 X 1 0 ^
3 . 0  X 1 0 ^
5 . 2  X 1 0 ^
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Scan Number
(a) Intake Sample (May 2002)
4E+7-
3E+7-
lOE+6
466 699 932 1165 1398 1631
Scan Number 
(b) LVW Sample (June 2002)
Figure 7.2 TMAH Thermochemolysis GC-MS Chromatograms 
of Lake Mead Water samples
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Peak
Table 7.2 Identification of TMAH Thermochemolysis Products 
of HS Samples in Lake Mead
Compound (possible compound)*
Fatty acid, methyl esters 
2 
4 
8 
10 
12 
14
17
18 
19
30
31
20,32
Hexanoic acid, methyl ester 
Hexanoic acid, 2-ethyl, methyl ester 
Octanoic acid, methyl ester 
Nonanoic acid, methyl ester 
Decanoic acid, methyl ester 
Undecanoic acid, 10-methyl-, methyl ester 
Dodecanoic acid, methyl ester 
Tridecanoic acid, 12-methyl-, methyl ester 
Methyl tetradecanoate 
Pentadecanoic acid, methyl ester 
Pentadecanoic acid, 14-methyl-, methyl ester 
Hexadecanoic acid, methyl ester 
11-Hexadecenoic acid, methyl ester 
9-Octadecenoic acid, methyl ester, (E)- 
Octadecanoic acid, methyl ester 
Heptadecanoic acid, 16-methyl-, methyl ester 
Heptadecanoic acid, 15-methyl-, methyl ester
Lignin-derived TMAH products 
Not illustrated 
21
22
13,24, 26
15.28
16.29
Methoxy benzene
1.2-Dimethoxy benzene
1.4-Dimethoxy benzene
3.4-Dimethoxy benzene
2.3-Dimethoxy benzene
1.2.3-Trimethoxy benzene
1.2.4-Trimethoxy benzene
3.4-Dimethoxy benzoic acid, methyl ester 
3,4,5-Trimethoxy benzoic acid, methyl ester
Other products 
1 
3
5
6 
7
21
Not illustrated
Propanoic acid, 2-methoxy, methyl ester 
Phosphoric acid, trimethjd ester 
Butanedioic acid, methyl-, dimethyl ester 
Benzoic acid, methyl ester
2-Butenoic acid, 3-methoxy-4-nitro, methyl ester, (E)-
3-Butenoic acid, 3-methoxy-4-nitro, methyl ester, (E)- 
Phenol, 2-methoxy-3 -methyl-
Phenol, 2-methoxy-5-methyl- 
Phenol, 2-methoxy-4-methyl-
1,3-Benzenediamine, 4-methoxy-
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Table 7.2 (Continued)
Peak Compound (or possible compound)
9 Cyclopenten-1 -one, 2,3,4,5-tetramethyl
11 Hexanedioic acid, dimethyl ester
23 4-Hydroxy-2,4,5-trimethyl-2,5-cyclohexadien-1 -one 
Benzene, 1,4-dimethoxy-2-methyl-
2.3-Dimethoxytoluene 
Phenol, 4-ethyl-2-methoxy-
3.4-Dihydroxyacetophenone
1.4-benzenediol, 2,3,5-trimethyl- 
4-Methoxyphenyl methyl carbinol
25 Benzoic acid, 3-methoxy, methyl ester
27 1,2,3,4-T etramethoxy benzene
Not illustrated Phenol, 4,6-di( 1,1 -dimethylethyl)-2-methyl- 
Phenol, 2,4,6-tris( 1 -methylethyl)-
*: Several compounds were listed since their fit factors in the NIST search results were 
close to each other and we did not have standard compounds to confirm their identity.
7.2.1.1 Fatty Acid Methyl Esters 
Fatty acid methyl esters (FAMEs), which have both microbial and plant origins, 
are one of the dominant categories of TMAH products observed in the chromatograms 
of the AHS samples in Lake Mead. Results showed that FAMEs ranged Jfrom hexanoic 
acid, methyl ester through octadecanoic acid, methyl ester. These FAMEs were 
accompanied by branched-chain and unsaturated isomers (Table 7.2). Although each of 
the AHS sample had a complete series of FAMEs, the distributions or yields of the 
individual FAMEs were different for each sample as shown in Fig. 7.3. The differences 
in the FAME distributions likely reflect the unique inputs from and effects of the 
indigenous microbial communities (Frazier et al., 2003). More detailed results on fatty 
acids are discussed in later particulate fraction analysis (Section 7.3).
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7.2.1.2 Lignin-derived TMAH Products 
As discussed in Chapter 1 (Section 1.2), aquatic HS contain an important 
compound called lignin, which is a highly branched polyphenolic biopolymer particular 
only to vascular plants. The structure of lignin is dependent on the plant family from 
which it comes. The macromolecule can be decomposed into distinct phenols that offer 
a wealth of information about the vegetation surrounding the sampling site.
The lignin-derived products are members of vanillyl, syringyl, p-hydroxyl, and 
cinnamyl families. The vanillyl, syringyl, and p-hydroxyl families consist o f a side 
chain of an aldehyde, ketone, or carboxylic acid, while the cinnamyl family has two 
phenols with trans-propenoic acids. Vanillyls are characterized by a 3-methoxy group 
(OCH3) and a 4-hydroxyl group (OH). Syringyls are characterized by two 3, 5-methoxy 
groups and a 4-hydroxy group. The p-hydroxyls have a single hydroxy group (Table 
7.3) (Degryse et al., 1999; Steinberg et al., 1984). The vanillyl compounds are found in 
gymnosperms, which are plants that bear seeds and do not produce flowers. Common 
gymnosperms are shrubs and coniferous trees. Syringyl compounds are derived from 
angiosperms, and flowering plants comprise angiosperms. The p-hydroxy compounds 
are found primarily in non-woody tissues or grasses, but may be found in small amounts 
in woody tissues. The cinnamyls are released from non-woody sources o f angiosperms 
and gymnosperms (Goins et al., 2002; Degryse et al., 1999). Therefore, the distribution 
of lignin-derived compounds depends on the source of the natural organic matter and, 
thus, is related to the unique inputs from the indigenous vegetation and the unique, in- 
stream process for each of the sampled waters (Degryse et al., 1999; Frazier et al., 
2003).
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Table 7.3 Comparison of Lignin-derived Products 
(Modified from Steinberg et al., 1984)
Group Structure R = CHO R = C0CH3 R=COOH
Vanillyl
Syringyl
p-Hydroxy
Cinnamyl
HO
OCH3
HO
OCH3
HO
:ooH
HO
0CH3
Vanillin Acetovanillone Vanillic 
acid
Syringaldéhyde Acetosyringone Syringic
acid
p-OH- p-OH- p-OH-
Benzaldehyde Acetophenone Benzoic
acid
R=H
p-Coi
acid
R=0CH3
In this research, lignin-derived products resulting from different lignin subunits 
were observed. Fig. 7.4 shows a total ion chromatogram and two single ion 
chromatograms. Mass to charge ratios (m/z) of 165 and 195 represent vanillyl and 
syringyl groups, respectively. As shown in Table 7.4 and Fig. 7.5, the distributions of 
lignin-derived products in summer surface waters (2002) showed that vanillyl group 
always had higher abundance than syringyl group, and S/V ratio ranged from 0.01 to 
0.15. According to Degryse et al. (1999), in the case of woody tissue, the ratio 
represents the hardwood to softwood contributions. LVW and LWLVB waters showed
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higher values (S/V of 0.09 and 0.15, respectively), indicating higher hardwood 
contribution in these two sampling sites. Waters inside the Lake, such as LVB5.7, 
Intake, CB-2, and CR351.7, showed lower S/V values (ranging from 0.01 to 0.03), 
indicating higher softwood components. This observation could imply that the closer 
the water to the source or the lakeshore, the higher the hardwood or the lower softwood 
contribution, and vice versa.
10T
Vanillic acid
Vanillin
Svrineic acid
195
ilM
18.33 21.6616.66
Scan Number and Retention Time (min)
Figure 7.4 Total and Single Ion Chromatograms (I) o f Intake Sample (June 2002)
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Table 7.4 Distributions of Vanillyl and Syringyl Groups in Sununer Surface Waters (June 2002)*
Site R=CHO
Vanillyl Group 
COCHj COOH R=CHO
Syringyl Group 
COCH3 COOH
Total
Vanillyl
Total
Syringyl S/V
LVW 1,073,134 879,959 11,001,830 298,048 319,003 535,144 12,954,923 1,152,195 0.09
LWLVB 0 1,681,280 7,059,146 308,980 646,941 329,395 8,740,426 1,285,316 0.15
LVB2.7 144,949 0 1,332,634 100,180 0 8,031 1,477,583 108,211 0.07
LVB5.7 1,567,619 807,050 14,660,497 215,479 0 200,507 17,035,166 415,986 0 . 0 2
INTAKE 3,027,680 1,805,780 19,430,338 273,824 0 375,071 24,263,798 648,895 0.03
CB-2 0 1,439,556 7,543,137 0 0 103,981 8,982,693 103,981 0 .0 1
CR351.7 1,513,317 843,382 9,897,789 132,784 0 96,514 12,254,488 229,298 0 . 0 2
HOOVER DAM 0 0 13,074,148 229,504 0 323,674 13,074,148 553,178 0.04
CR355.75 855,170 458,356 8,005,655 366,965 0 220,994 9,319,181 587,959 0.06
■D
CD
C/)
C/)
*: Peak area results
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Figure 7.5 Site Profiles of Lignin-derived Products (I) in Summer Surface Waters
(Jtme 2002)
In addition, other lignin-derived products were also identified, such as methoxy 
benzene, dimethoxy benzene and trimethoxy benzene. In Fig. 7.6, m/z of 138 and 168 
indicate the presence of these compounds. Their distributions in summer surface waters 
(2002) are shown in Fig. 7.7. For most o f the sites (except LWLVB and CB-2 sites, 
samples from the two sites were processed using Amberchrom® CG-71m resin), the 
monomethoxy benzene had a lower abtmdance than dimethoxy benzenes, and 
dimethoxy benzenes had a lower abtmdance than trimethoxy benzenes.
Also, like S/V ratio distribution, there was a pattern found about the source and 
edge effects. Waters from the Las Vegas Wash or close to the lakeshore showed lower 
abundances o f these compotmds than sites located toward the center o f the Lake.
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Figure 7.6 Total and Single Ion Chromatograms (II) of Intake Sample (June 2002)
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Figure 7.7 Site Profiles o f Lignin-derived Products (II) in Summer Surface Waters
(June 2002)
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7.2.1.3 Seasonal Variations 
In summer samples, vanillic and syringic acids, vanillyl and syringyl aldehydes, 
and ketone components were found as shown in Table 7.4. However, in winter there 
were only vanillic acid and syringic acids. Aldehydes and ketones were not detected.
The winter distributions of vanillic and syringic acids in surface waters are 
shown in Fig. 7.8. Like summer, vanillyl abundance in winter was still higher than 
syringyl abundance. Both seasons’ relatively low values of SA  ̂were observed (Table 
7.5) in comparison with other’s results (0.15 and 0.23) (Degryse et al., 1999; Frazier et 
al., 2003), indicating dominant softwood source contributions in two seasons. Also, 
most winter samples had lower ratios compared with summer ones. This could imply in 
winter the softwood contribution was even higher.
In addition, winter S/V ratio distributions confirmed that waters from the four 
sources (such as LVW, Muddy River, Colorado River, and Virgin River) were different 
than waters inside the Lake. The sources all showed higher S/V ratio, which indicated 
higher hardwood contribution. Among the four sources, the Colorado River sample had 
lower hardwood contribution.
Fig. 7.9 shows the distributions of methoxy benzenes. Unlike the summer 
pattern, winter samples had no monomethoxy benzene component. Like summer 
pattern, for most winter samples (except LVW and CB-2 samples), dimethoxy benzenes 
had a lower abundance than trimethoxy benzenes.
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Table 7.5 Comparison o f Relative Amounts of Vanillyl and 
Syringyl Compounds in Surface Waters of Two Seasons
Sampling Site Summer SA^ Ratio Winter S/V Ratio
LVW 0.09 0.12
LWLVB 0.15 0.04
LVB2.7 0.07 0
LVB5.7 0.02 0
Intake 0.03 0
BB-7 NA 0.04
CB-2 0.01 0
CR351.7 0.02 0.04
Hoover Dam 0.04 0.02
CR355.75 0.06 0.01
Muddy River NA 0.12
Colorado River NA 0.05
Virgin River NA 0.12
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7.2.2 Off-line Method 
In addition to the on-line method, an off-line thermochemolysis procedure was 
also investigated during the early stage of this research. As mentioned in Chapter 2 
(Section 2.4.4.1.2), the off-line method involved heating a paste o f humic material with 
TMAH to 250 °C for 0.5 h in an ampoule. Then the sample was extracted using 
dichloromethane and the extract was analyzed by GC-MS.
Fig. 7.10 (a) provides an example of off-line TMAH thermochemolysis 
chromatogram o f Fluka humic acid. This method produced various hydroxylated 
benzoic acid methyl esters, polycarboxylic aromatic acid methyl esters, and fatty acid 
methyl esters. Compounds observed were quite similar as the on-line method Fig. 7.10
(b). However, the on-line method is preferred to the off-line method since this 
procedure is easier to implement and requires only a few milligrams of the sample.
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Figure 7.10 TMAH Thermochemolysis GC-MS Chromatograms of Fluka Humic Acid
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7.3 Fatty Acid Analysis in Particulate Fraction 
As mentioned in Chapter 1 (Section 1.1.1), organic carbon in natural waters 
consists o f dissolved and particulate fractions. By using sedimentation, centrifugation, 
and filtration techniques the two fractions can be separated. Within the particulate 
fraction, the hydrophobic nature o f lipids provides a convenient means of separating 
them from other compounds. Extraction in nonpolar solvents is universally employed 
and is the basis of the operational definition of lipids. A lipid extract may contain as 
many as 16 different subclasses o f both biogenic and anthropogenic origin (Parrish, 
1999). Fatty acids and sterols are two classes of lipid biomarker compounds (Canuel et 
al., 1999).
There are about 1 5- 20  major fatty acids that can be readily recognized in most 
aquatic samples. They differ in chain length and degree of unsaturation; certain fatty 
acids can be used as biomarkers of microorganisms in ecological studies, and others are 
investigated for the essential nutritional role they play (Parrish, 1999). According to 
Goins et al. (2002), fatty acids are usually derived from microbial sources. The cell 
walls of microbes are comprised of fatty acids, thus the appearance of the longer chain 
fatty acid compounds that consist of 16 carbon chains or longer are most likely due to 
the presence of microbes. The longer chain fatty acids could also degrade to form some 
of the smaller chain fatty acids. n-Hexadecanoic acid (palmitic acid or 16:0) is often one 
of the major fatty acids in lipid extract, but most interest is focused on the 
polyunsaturated fatty acids with two or more double bonds. These fatty acids may be 
present in lower amounts but serve very important physical and metabolic functions in
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the procaryotic cells. In the animal kingdom, these fatty acids or their precursors have to 
be acquired in the diet (Parrish, 1999).
The origins o f particulate matter can be further explained by sterol distributions. 
Canvel et al. (1999) pointed that C27 and C28 sterols are typical o f planktonic sources. 
Phytoplankton usually contains C28 sterols while zooplankton, o f which crustaceans are 
the dominant class, often contain C27 sterols, particularly cholesterol. In contrast, higher 
plants are generally dominated by C29 sterols. Concentrations of C29 sterols are common 
biomarkers for tracing vascular plant inputs. Mansuy et al. (2001) stated that the Sp- 
stanols (SP-cholestan-SP-ol; coprostanol) could be used as common markers of 
manured soils, domestic waste or human fecal material. This compound is produced by 
microbial reduction of cholest-5-en-3 P-ol in the mammalian gut.
In this research, particulate organic carbon was separated by filtration (Section 
2.3.1). Due to the low concentrations, this study only focused on the fatty acid analysis.
7.3.1 Early Stage Work 
At the beginning of fatty acid analysis in the particulate fraction, considering the 
hydrophobic nature of lipids, dried residues on the filter surface were scraped off the 
filter and analyzed by using the TMAH thermochemolysis GC-MS procedure. Results 
showed a series o f fatty acids with even number of carbon atoms. However, further 
analysis of blank samples also showed significant background levels of these acids. To 
reduce the blank background, measurements were taken as follows: (1) to soak 
Discovery® DPA-6S resin in 1 M NaOH solution over night; (2) to bum the glass 
microfiber filters at 500 °C over night; and (3) to test different glass columns. However, 
there was no obvious improvement in blank levels.
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Later experiments indicated a linear relationship between the chromatogram 
signals and the TMAH quantities added in the thermochemolysis procedure. Therefore, 
different thermochemolysis temperatures were tested at 500, 700, and 900 °C with a 
liquid N2 trap without TMAH. However, under these experimental conditions, thermal 
reactions, such as decarboxylation of fatty acids could occur. Results (Fig. 7.11) showed 
that at 700 °C for 10 seconds there were strong signals o f benzene, toluene, 
naphthalene, alkenes, and paraffin, etc.
Since the results did not show clear evidence of fatty acids, a solvent extraction 
method was then investigated to obtain higher concentrations of fatty acids. These 
procedures were described in Section 2.3.3 and 2.4.4.2.
7.3.2 Fatty Acid Distributions
As shown in Fig. 7.12 and Table 7.6, identified fatty acids that were extracted by 
the solvent method ranged from Ce to Cig with a stronger even carbon-numbered 
signature in either the Cie - Cig or C14 - Cig region, which were accompanied by several 
mono- or poly-unsaturated and branched chain isomers. The C 14 - Cig distribution 
reflects an input fi-om bacteria and plants (Mansuy et al., 2001). In addition, no long- 
chain fatty acids (> Cig) were observed, which could rule out land plants as a significant 
source.
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Figure 7.12 Fatty Acid Distributions in POC Fraction o f CB-2 Sample
(June 2002)
Peak
Table 7.6 Identification of Fatty Acids of POC Samples in Lake Mead 
Fatty acids or possible fatty acids (Carbons)
1
*
*
2
*
*
3
Hexanoic acid, methyl ester (6)
Heptanoic acid, methyl ester (7)
Octanoic acid, methyl ester (8)
Nonanoic acid, methyl ester (9)
Decanoic acid, methyl ester (10)
Undecanoic acid, methyl ester (11)
Undecanoic acid, 10-methyl-, methyl ester (12)
11-Dodecenoic acid, 10-hydroxy-, methyl ester (12) 
Dodecanoic acid, methyl ester (12)
Dodecanoic acid, 12-methyl-, methyl ester (13) 
Tridecanoic acid, methyl ester (13)
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Table 7.6 (Continued)
Peak Fatty acids or possible fatty acids (Carbons)
4 Tridecanoic acid, 12-methyl-, methyl ester (14)
Methyl tetradecanoate (14)
5 Methyl 9-methyltetradecanoate (15)
Pentadecanoic acid, methyl ester (15)
6 Pentadecanoic acid, 13-methyl-, methyl ester (16)
Pentadecanoic acid, 14-methyl-, methyl ester (16) 
Hexadecanoic acid, methyl ester (16)
7 5-Hexadecenoic acid, 2-methoxy-, methyl ester
* 9,12,15-Octadecatrienoic acid, methyl ester (18)
* 6,9,12-Octadecatrienoic acid, methyl ester (18)
* 11 -Octadecenoic acid, methyl ester (18)
* 9-Octadecenoic acid, methyl ester (18)
8 Heptadecanoic acid, 14-methyl-, methyl ester (18)
Heptadecanoic acid, 15-methyl-, methyl ester (18) 
Heptadecanoic acid, 9-methyl-, methyl ester (18) 
Heptadecanoic acid, 10-methyl-, methyl ester (18) 
Heptadecanoic acid, 16-methyl-, methyl ester (18) 
Octadecanoic acid, methyl ester (18)
*; Peak is too small to show in Figure 7.12.
In order to compare compound abundances in different samples, the peak area 
signals were divided by the sample volume filtered in liters. As shown in Table 7.7, Fig. 
7.13 and Fig. 7.14, Ci6 fatty acid isomers always showed higher abundance than Cig 
fatty acid isomers in both seasons. Summer samples had higher abundance than winter 
ones. This seasonal variation could be caused by the temporal change o f their 
autochthonous sources, including fresh and detrital phytoplankton, zooplankton, and 
bacteria.
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In addition, the lipid concentration results confirmed the above observation. As 
shown in Table 7.8, for the same site, summer lipid concentration was always higher 
than winter; among different sites, the average summer lipid concentration was also 
higher than winter.
Table 7.7 Volume Normalized Intensities o f Ci6 and Cig Fatty Acids in Lake Mead*
Winter (U ') Summer (L‘̂ )
Site Ci6 Cig Ci6 Cig
l.LV W 14,932 4,953
2. LWLVB 74,086 30,479 943,418 189,991
3. LVB2.7 (Surf.) 35,749 21,739 569,509 85,597
4. LVB2.7 (4m) 41,098 6,030 155,531 63,407
5. LVB2.7 (15m) 52,077 37,827
6. LVB5.7 19,339 3,313 98,820 42,044
7. Intake (Surf.) 30,794 19,292
8. Intake (18m) 1,544,922 1,233,220
9. Intake (36m) 34,182 3,317 65,037 32,986
10. Intake (57m) 44,754 30,211
11. BB-7 45,737 35,009
12. CB-2 47,170 30,045 244,558 168,296
13.CR351.7 23,225 20,599 200,961 71,447
14. Hoover Dam 44,336 7,115
15. CR355.75 (Surf.) NA NA
16. CR355.75 (17m) 1,484,233 903,134
17. CR355.75 (36m) 34,176 28,846
18. CR355.75 (121m) 32,449 26,265
19. Virgin River 40,201 6,864
20. Muddy River 45,224 28,998
21. Colorado River 0 0
*: Peak area results
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Figure 7.13 Site Profiles o f Fatty Acids in Winter Surface Waters
(January 2003)
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Table 7.8 Lipid Concentrations in Particulate Fraction (mgL"')
Site
Summer 
(June 2002)
Winter 
(January 2003)
l .LVW
2. LWLVB 1 .1 0.5
3. LVB2.7 (Surf.) 0.4 0.3
4. LVB2.7 (4m) 1 . 0
5. LVB2.7 (15m) 0.5
6 . LVB5.7 0 . 8
7. Intake (Surf) 0.3
8 . Intake (18m) 1 .1
9. Intake (36m) 1 . 0
10. Intake (57m) 0.4
11. BB-7 1 . 0
12. CB-2 1 . 2 1 . 0
13. CR351.7 0 . 8 0 . 6
14. Hoover Dam
15. CR355.75 (Surf.)
16. CR355.75 (17m) 1 .1
17. CR355.75 (36m) 0.4
18. CR355.75 (121m) 0.7
19. Virgin River
20. Muddy River 0.9
21. Colorado River
Average 0.9 0.7
7.3.3 Comparison of Fatty Acid Profiles in Dissolved and Particulate Fractions 
As discussed in Section 7.2.1.1, fatty acid methyl esters were one main category 
of TMAH products observed in the chromatograms of aquatic HS samples, which were 
in the dissolved fraction. When fatty acid distribution patterns were compared for both
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dissolved and particulate fractions, it was found that for most o f the samples there were 
differences in composition and abtmdance between the two fractions (Fig. 7.15 and Fig. 
7.16), and only a few samples showed a similarity in C14 -  Cig region. The dissolved 
fraction always had more different and more abimdant fatty acids than the particulate 
fraction. This observation is different from others’ reports, which indicated the similar 
or same fatty acid patterns in different fractions (Mansuy et al., 2001; Leeuw et al., 
1995).
Our results may be explained by the facts that the filter pore size was 1.2 pm 
instead of 0.45 pm. Therefore, some POC went to the DOC portion. Also, the fatty acid 
quantities analyzed were still too low to provide more reliable results, although solvent 
extraction procedures were performed. The other possible reason could be that the 
biosynthesized fatty acids are somewhat selectively incorporated in different fractions 
and that there is selective (bio) degradation affecting their distributions.
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Figure 7.15 Comparison of Fatty Acid Distributions in Dissolved and Particulate 
Fractions (LVB2.7 Surface Sample, June 2002)
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Figure 7.16 Comparison of Fatty Acid Distributions in Dissolved and Particulate 
Fractions (Colorado River Sample, January 2003)
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CHAPTERS
CORRELATION ANALYSES 
From Chapter 4 to chapter 7, various characteristics of concentrated HS from 
different sampling sites in Lake Mead were investigated and illustrated. DOC levels, 
fluorescence, UV-visible and IR spectra, molecular weight distributions, and chemical 
composition and structures are included. This chapter will focus on exploring 
relationships among these characteristics and investigation of contributions o f different 
sources to the HS in the Lake.
8.1 Summer Samples 
Table 8.1 provides correlation coefficients among 28 parameters from different 
samples in Lake Mead (June 2002). The selection of these parameters was based on our 
experimental results and literature information (Hautala et al., 2000; Peuravuori et al., 
1997; Chin et al., 1994; Stewart et al., 1980). Microsoft® Excel software was used for 
data analyses. The parameters used in the correlation analyses are as follows:
• DOC: dissolved organic carbon measured in samples concentrated by rotary 
evaporation.
•  FL375: synchronous fluorescence signal at emission wavelength o f 375 nm (AA, = 
20 nm).
125
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• FL3 9 8’ synchronous fluorescence signal at emission wavelength o f 398 nm (AA, = 
20 nm).
• FL4 1 9 : synchronous fluorescence signal at emission wavelength o f 419 nm (AA, = 
2 0  nm).
• FL4 8 9: synchronous fluorescence signal at emission wavelength o f 489 nm (AA, = 
2 0  nm).
• E2/E3 (250/365nm): ratio of UV absorbance at 250 nm to 365 nm.
• E4/E6 (465/665nm): ratio of UV absorbance at 465 nm to 665 nm.
• SUVA254: specific UV absorbance at 254 nm.
• G27 3: molar absorptivity at 273 nm, based on a mole of dissolved organic carbon 
(Imol '  cm '' o f DOC) per unit volume water (L'').
• MWuv: average molecular weight calculated by HPSEC UV signal.
• LogMWuv: logarithm of average molecular weight calculated by HPSEC UV 
signal.
• > lOK (%) uv: percentage of molecular weight greater than 10,000 Da by HPSEC 
UV signal.
• 5K - lOK (%) uv: percentage of molecular weight between 5,000 and 10,000 Da 
hy HPSEC UV signal.
• 500 - 5K (%) uv: percentage of molecular weight between 500 and 5,000 Da by 
HPSEC UV signal.
• < 500 (%) uv: percentage of molecular weight lower than 500 Da hy HPSEC UV 
signal.
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• MWfi: average molecular weight calculated by HPSEC fluorescence signal.
• LogMWfi: logarithm of average molecular weight calculated by HPSEC
fluorescence signal.
• > lOK (%) fi; percentage of molecular weight greater than 10,000 Da by HPSEC 
fluorescence signal.
• 5K - lOK (%) fl.- percentage of molecular weight between 5,000 and 10,000 Da 
by HPSEC fluorescence signal.
•  500 - 5K (%)f|: percentage of molecular weight between 500 and 5,000 Da by 
HPSEC fluorescence signal.
• < 500 (%) fi: percentage of molecular weight lower than 500 Da hy HPSEC 
fluorescence signal.
• Vanillyl: relative amount of vanillyl group.
• Syringyl: relative amount of syringyl group.
• S/V : ratio of syringyl group to vanillyl group.
• Ci6 (HS): relative amount of Ci6 fatty acid in dissolved humic substances.
• Ci8 (HS): relative amount of Ci8 fatty acid in dissolved humic substances.
• Cl6 (POC): relative amount o f Ci6 fatty acid in particulate organic carbon.
• Ci8 (POC): relative amount o f Ci8 fatty acid in particulate organic carbon.
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DOC FL375 FL398 FL419 FL489 E2/E3 E4/E6 SUVA254 8273 MWuv logMWuv
DOC 1.0000
FL375 0.3605 1.0000
FL398 0.6552 0.8190 1.0000
FL419 0.4913 0.6720 0.9260 1.0000
FL489 0.4441 0.5041 0.8171 0.9587 1.0000
E2/E3 -0.4969 -0.0307 -0.3631 -0.4368 -0.4640 1.0000
E4/E6 0.1939 0.1504 0.2337 0.1599 0.0614 -0.5309 1.0000
SUVA254 -0.8149 -0.1316 -0.3255 -0.1628 -0.1290 0.5915 -0.3623 1.0000
8273 -0.5913 -0.0421 0.0053 0.2929 0.3728 -0.0570 0.0801 0.6955 1.0000
MWuv -0.0491 0.1760 0.1371 0.0114 -0.1053 -0.1687 0.7700 -0.0231 0.1092 1.0000
logMWuv -0.2317 0.1492 0.0380 -0.0815 -0.1796 0.0483 0.5269 0.1977 0.1645 0.9388 1.0000
>10K(%)uv 0.0806 0.1743 0.2325 0.1264 0.0189 -0.2784 0.8432 -0.1075 0.1177 0.9641 0.8371
5K-10K(%)uv 0.1163 0.1936 0.3453 0.5784 0.5827 -0.3404 -0.0683 0.0028 0.3422 -0.3331 -0.4609
500-5K(%)uv -0.5186 0.2006 -0.0897 -0.0684 -0.0860 0.3911 0.0051 0.5302 0.4149 0.3272 0.4433
<500(%)uv 0.6456 -0.0306 0.1970 0.1332 0.1580 -0.3239 -0.1222 -0.5529 -0.4688 -0.5271 -0.7019
MWfl -0.2524 0.1033 -0.0329 -0.0606 -0.1119 -0.1629 0.3900 0.0743 0.2404 0.5665 0.5875
logMWfl -0.2697 0.0849 -0.0026 -0.0122 -0.0601 -0.0975 0.3445 0.1452 0.2879 0.5537 0.5895
>10K(%)fl -0.4832 -0.2143 -0.5335 -0.6156 -0.6327 0.6548 -0.3424 0.3252 -0.2137 0.1385 0.3522
5K-10K(%)fl -0.4072 -0.1775 -0.5125 -0.6226 -0.6351 0.6757 -0.3706 0.2595 -0.3065 0.0798 0.2850
500-5K(%)fl -0.7466 -0.0968 -0.3147 -0.1726 -0.1240 0.2881 -0.0153 0.6282 0.6049 0.3663 0.5524
<500(%)fl 0.7448 0.0940 0.3117 0.1688 0.1204 -0.2839 0.0114 -0.6251 -0.6061 -0.3675 -0.5520
Vanillyl -0.2772 0.2075 -0.0323 -0.0847 -0.1379 0.5297 -0.2363 0.6224 0.6424 0.0933 0.2165
Syringyl 0.6110 0.3208 0.5788 0.6546 0.6654 -0.5176 0.5183 -0.3478 0.3495 0.1961 0.0106
S/V 0.7195 -0.0338 0.4247 0.5529 0.6091 -0.8136 0.4849 -0.6831 -0.0877 -0.0944 -0.3325
Cl6(HS) 0.0335 0.6140 0.3669 0.2578 0.1848 -0.0879 0.5043 -0.1682 -0.0941 0.5596 0.5665
Cl8(HS) 0.4244 0.5959 0.6354 0.5646 0.5024 -0.2674 0.8125 -0.2752 -0.2067 0.7470 0.6146
Cl6(P0C) 0.3756 -0.7451 0.0594 0.4247 0.4470 -0.7072 0.4924 -0.3862 -0.0420 -0.3589 -0.4781
Cl8(P0C) 0.0534 -0.6460 -0.1563 0.0852 0.1145 -0.0700 0.0685 0.0447 0.0983 0.2568 0.0470
*: 8273 is molar absorptivity at 273 nm. to
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To test significance, significance level a  of 0.05 was selected. When |ttestl> 
to /2 , n-2 (for two-tailed test) or when p value < 0.05, the null hypothesis was rejected, 
which meant that there was a significant linear relationship between x and y. By t -  
statistic, significant linear relationships were found as shown in Table 8.2. Among these 
correlations, some are easy to explain and understand.
• DOC concentration increases with fluorescence (Eq. 1, 2 and 3). DOC decreases 
with the percentage of MW > lOK (Eq. 9), while increases with the percentage 
of MW < 500 (Eq. 8  and 11), which indicates the greater contribution of small 
MWHS.
• Fluorescence decreases with increasing molecular size o f HS (Eq. 15 to 20),
which agrees with literature data (Hautala et al., 2000). Equation 22 and 23
show that the quotient E2/E3 positively correlates with the percentage o f MW > 
lOK and 5K -  lOK. There were no significant correlations found between 
absorbance and MW (Eq. 31,32, and 35), except in MW range of 500 -  5K (Eq. 
29, 30, and 36). These results roughly confirmed that fluorescence intensity and 
absorbance are directly proportional to the contents of FA- (MW 500 — 2000) 
and HA- (MW 2000 -  5000) type humic solute, respectively (Hautala et al., 
2000).
• MWs calculated with HPSEC UV signal and with fluorescence signal are
correlated, including average MW, logarithm of average MW, and MW
distributions in different sizes (Eq. 37,40 and 41).
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Table 8.2 (continued)
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Parameters Equation No.* Intercept Slope r n t P
EVEevs. MWuv 25 -0.5765 0.0015 0.7700 2 1 5.2601 4.46E-5
LogMWuv 26 -12.117 4.4859 0.5269 2 1 2.7021 0.0141
>10K(%)uv 27 0.7636 1.9106 0.8432 2 1 6.8378 1.59E-6
C,g(HS) 28 0.8160 2.12E-6 0.8125 1 1 4.1807 0.0024
SUVA25 4VS. 500-5K(%)uv 29 0.4726 0.0190 0.5302 2 1 2.7260 0.0134
500-5K(%)fl 30 -0.7171 0.0515 0.6282 2 1 3.5196 0.0023
<500(%)uv 31 3.5072 -0.0479 -0.5529 2 1 -2.8926 0.0093
<500(%)fl 32 4.4327 -0.0513 -0.6251 2 1 -3.4909 0.0024
s/v 33 1.7470 -7.0267 -0.6831 9 -2.4749 0.0425
8273 vs. <500(%)uv 34 129.40 -1.4307 -0.4688 21 -2.3136 0.0320
500-5K(%)fl 35 169.33 -1.7536 -0.6061 21 -3.3211 0.0036
<500(%)fl 36 -6.16 1.7490 0.6049 21 3.3113 0.0037
LogMWuv vs. LogMWn 37 0.6845 0.9693 0.5896 21 3.1814 0.0049
MWuvVS.CisCHS) 38 736.95 0.0017 0.7470 11 3.3704 0.0083
5K-10K(%)uvVs. 5K-10K(%)fl 39 0.0260 -0.1331 -0.4151 21 -1.9887** 0.0613**
500-5K(%)uv vs. 500-5K(%)fl 40 -3.8931 1.3884 0.6073 21 3.3323 0.0035
<500(%)uv vs. <500(%)fi 41 -6.9351 0.8496 0.8960 21 8.7946 3.99E-8
LogMWn vs. 500-5K(%)fl 42 1.7541 0.0182 0.6108 21 3.3626 0.0033
<500(%)fi 43 3.5783 -0.0182 -0.6089 21 -3.3467 0.0034
Syringyl vs. S/V 44 158840 7460121 0.7854 9 3.3572 0.0121
C,6(HS) vs. C,8(HS) 45 1939324 1.2022 0.6606 11 2.6398 0.0269
Ci6(P0C) vs. C,g(POC) 46 -32736.3 3.8347 0.7383 7 2.4477** 0.0581**
*: Linear equation is y = a*x + b, r = correlation coefficient, n = sample number, t = t value of t-statistic, p = p value. When significance level of 
0.05 is selected, |ttestl>2.093 (n = 21); I  ttest I > 2.262 (n =11); I  t,est I > 2.365 (n = 9); I  ttest l> 2.571 (n = 7). **: Not significant. OJw
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• Other significant correlations exist between relative amount o f syringyl group 
and the ratio of syringyl group to vanillyl group, Ci6 and Cig fatty acids in HS 
part (Eq. 44 and 45).
At the same time. Table 8.2 also shows some correlations that are contradictory 
to each other or different fi-om literature results.
• According to Hautala et al. (2000), absorbance increases with total carbon 
content and MW. In this study there was a positive correlation between 
absorbance at 273 nm and DOC (r = 0.5412, ttest = 2.8054, p = 0.0113, n = 21). 
However, our results (Eq. 5 and 6 ) also indicated that both specific absorbance 
at 254 nm (SUVA254) and molar absorptivity at 273 nm (S273) decreased with 
increasing DOC content. In addition, there is a negative correlation between 
DOC and E2/E3 (Eq. 4).
•  According to Peuravuori et al. (1997), the quotient E4/E6 is widely used in soil 
science as an indicator for humification (decomposition of organic matter). In 
general, progressive humification is indicated by decreasing E4/E6 ratios. Since 
there was practically no relationship between the aromaticity and the quotient 
E4/E6 for their humic fi-actions, they agree that the quotient E4/E6 is not 
applicable in limnology. However, our results showed that there were significant 
correlations between E4/E6 and MWuv, log MWuv, and MW >10K in Lake Mead 
waters (Eq. 25 to 27).
• It has been indicated that molar absorptivity (s) and E2/E3 correlate with the 
weight (or number) average molecular weights (Peuravuori et al., 1997; Hautala
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et al., 2000). However, there was no such correlation found in our results. Also, 
according to Stewart et al. (1980), the ratio of fluorescence to absorbance has 
been used as an indicator for molecular weight distribution of DOC. However, 
our results did not show any significant correlation.
• Eq. 7 and Eq. 10 indicate that there are negative correlations between DOC and 
the percentage of MW 500 -  5K. This is contradictory with our Chapter 6  result, 
which showed that the bulk o f HS was less than 5000, and the average 
molecular weights were from 500 to 5500 (Section 6.2).
• Other observations that are difficult to explain include the correlations between 
fluorescence and the relative amount of Ci6 and Cig fatty acids in HS part (Eq. 
13 and 14). However, the slopes of the linear regression were quite small (~ 
10'^). Eq. 13 shows that fluorescence at 375 nm positively correlates with Ci6 
(HS), which is the dominant fatty acid in the Lake. This may imply that this 
peak was related to microbial sources.
In addition, the correlation analyses again confirmed the differences between the 
four sources (the Las Vegas Wash, the Virgin River, the Muddy River and the Colorado 
River) or the lakeshore (such as CR355.75 site) and the central part o f the Lake. For 
example, as to the correlation between SUVA254 and Log MWuv, it has been found that 
there were three different regression equations and correlation coefficients when 
considering different samples in the analyses. When excluding the four sources or the 
four sources and CR355.75 (surface), the r value increased from 0.1997 to 0.5381 to 
0.7468 (Table 8.3). Also, as shown in Table 8.3, when only considering the four sources
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or the four sources and sample CR355.75 (surface), the r value was 0.8254 or 0.8211. 
However, there were no significant correlations found among the source and lakeshore 
samples.
Table 8.3 Correlations between SUVA254 and Log MWuv
Sample Intercept Slope r n
Include all samples 0.1183 2.984 0.1977 2 1
Remove four sources 0.2908 2.6716 0.5381 17
Remove four sources and CR355.75 (surface) 0.3789 2.4958 0.7468 16
Four sources -1.2964 6.0024 0.8254 4
Four sources and CR355.75 (surface) -1.4051 6.3020 0.8211 5
8.2 Winter Samples
Correlation coefficients for 21 parameters from different samples collected in 
January 2003 are shown in Table 8.4. By t-statistic mentioned in Section 8.1, 
significance was also tested. Table 8.5 shows significant linear relationships found in 
winter samples.
• Fluorescence positively correlated with MW percentage of 500 ~ 5K (Eq. 1 , 4 ,6  
and 7), however negatively correlated with MW percentage of < 500 (Eq. 2, 5 
and 8 ), > lOK (Eq. 13) and 5K ~ lOK (Eq. 14). Considering summer results (Eq. 
15 to 20 in Table 8.2), it seems that fluorophores of HS samples in Lake Mead 
are more likely associated with molecules in size of 500 ~ 5K. This observation 
confirmed our results in Chapter 6 , which indicated that the bulk of HS was less
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than 5000, and the average molecular weights were from 500 to 5500 (Section 
6.2).
Compared with summer results (Eq. 21 in Table 8.2), winter samples showed 
significant correlations between fluorescence and relative amount o f syringyl 
group and the ratio o f syringyl group and vanillyl group (Eq. 9 to 12, 15, 16). 
These observations revealed that fluorophores in tvinter samples were more 
likely associated with syringyl group, although the relative amounts of syringyl 
group in winter samples were quite low (Section 7.2.1.3).
Like summer, winter samples also showed that MWs calculated with HPSEC 
UV signal and fluorescence signal were correlated (Eq. 21, 25, 29). In addition. 
Equation 18,30 to 33 confirmed molecular weight results in Chapter 6.
Equation 36 and 37 indicated a significant relationships between MW 
percentage o f 500 ~ 5K and < 500 and S/V ratio. These results again proved that 
fluorophores in winter samples could be more likely related with syringyl group. 
Compared with summer results, winter correlations found between relative 
amount o f syringyl group and the ratio of syringyl group to vanillyl group, Cie 
and Ci8 fatty acids in POC part were more significant (Eq. 38 and 39).
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Table 8.5 Significant Linear Relationships of Winter Samples by t-statistic
CD"O
OQ.
C
a
o3
"O
o
CDQ.
■D
CD
C/)
C/)
Parameters Equation No.* Intercept Slope r n t P
FL375 vs. 500-5K(%)uv 1 0.2376 0.0146 0.7969 21 5.7493 1.53E-5
<500(%)uv 2 1.6778 -0.0141 -0.7752 21 -5.3497 3.66E-5
MWfi 3 0.5374 0.0008 0.4674 21 2.3049 0.0326
500-5K(%)n 4 0.1370 0.0234 0.8120 21 6.0642 7.84E-6
<500(%)fl 5 2.4721 -0.0233 -0.8108 21 -6.0380 8.28E-6
FL398 vs. 500-5K(%)uv 6 0.4128 0.0093 0.4476 21 2.1818 0.0419
500-5K(%)fi 7 0.2393 0.0182 0.5545 21 2.9042 0.0091
<500(%)fl 8 2.0514 -0.0180 -0.5517 21 -2.8834 0.0095
Syringyl 9 0.7630 1.26E-6 0.5820 13 2.3737 0.0369
S/V 10 0.6978 4.1637 0.7257 13 3.4979 0.0050
FL419 vs. Syringyl 11 0.6152 1.69E-6 0.7185 13 3.4258 0.0057
S/V 12 0.5504 5.0465 0.8123 13 4.6190 0.0007
FL489 vs. > 1 0 K(%)fi 13 0.5158 -2.3023 -0.4676 21 -2.3060 0.0325
5K-10K(%)fl 14 0.5134 -2.1674 -0.4338 21 -2.0985 0.0495
Syringyl 15 0.3778 9.25E-7 0.6846 13 3.1153 0.0098
S/V 16 0.3483 2.6305 0.7350 13 3.5950 0.0042
MWuv vs. >10K(%)fl 17 651.60 8430.17 0.4479 21 2.1835 0.0417
LogMWuv vs.<500(%)uv 18 3.3328 -0.0072 -0.4681 21 -2.3088 0.0324
>10K(%)fl 19 2.8383 2.9505 0.5125 21 2.6018 0.0175
5K-10K(%)n 20 2.8464 2.6537 0.4542 21 2.2225 0.0386
>10K(%)uvVS. >10K(%)fl 21 0.4038 15.5535 0.4459 21 2.1713 0.0428
5K-10K(%)fl 22 0.3619 16.1030 0.4549 21 2.2263 0.0383
500-5K(%)uv vs. <500(%)uv 23 99.8171 -0.9856 -0.9916 21 -33.4010 2.44E-18
MWfl 24 22.8783 0.0532 0.5361 21 2.7685 0.0122
500-5K(%)fl 25 -0.7627 1.4255 0.9038 21 9.2033 1.97E-8
<500(%)fl 26 141.74 -1.4210 -0.9062 21 -9.3438 1.55E-8
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK
9.1 Conclusions
The purpose of this research was to pursue new and fundamental information 
about DOC in Lake Mead. Summer and winter water samples were collected in June 
2002 and January 2003 at thirteen sites and at different water depths.
To concentrate and isolate aquatic HS (major component o f DOC), an 
evaporation method and a new variation on the solid phase extraction method, based on 
hydrophobic sorption and hydrogen bonding using Discovery® DPA-6S resin, have 
been developed. Recovery was monitored by fluorescence and total organic carbon 
analyses. The fluorescence recoveries o f both methods were all ~ 100% using standard 
humic acid solutions. Among different resins tested. Discovery® DPA-6S resin had the 
lowest background. Resin recovery of Lake Mead HS was considerably lower than 
100% and the fluorescence results indicated considerable fractionation during this 
concentration procedure.
DOC levels ranged from 3.42 to 8.18 mg/L, and the average concentration was 
4.59 mg/L. The Las Vegas Wash site showed the highest DOC level (8.18 mg/L). For 
surface water samples, the DOC levels tended to decrease with increasing distance from
142
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the Las Vegas Wash. Depth profiles showed that deeper water had lower DOC level.
Synchronous fluorescence spectra indicated that in summer the Las Vegas Wash 
site had the highest fluorescence emission intensity. As compared with other sites, the 
Las Vegas Wash, the Virgin River, the Muddy River, LWLVB, and LVB2.7 showed 
peak shift toward longer wavelength in the middle range (380 - 420 nm). Depth profiles 
demonstrated that deeper water had higher fluorescence intensity. Summer and winter 
fluorescence spectra were qualitatively similar; however, generally the winter 
fluorescence was lower in intensity than the summer. This observation reflects the 
seasonal variations of allochthonous and autochthonous sources o f the Lake. In 
addition, EEM (excitation-emission matrix) measurements also showed differences in 
different samples.
UV-Visible and IR spectra were similar to results reported by others. However, 
the significance of riverine lake sources (e.g., the Las Vegas Wash, the Muddy River, 
and the Virgin River), especially the Las Vegas Wash and its effects on the surrounding 
waters can be seen in the UV-Visible measurements.
IR spectra provided following information on structure units and functionalities: 
0-H  stretch of hydroxyl and carboxyl groups at 3400 (or 3600) ~ 2400 cm"'; aromatic 
C-H stretch, N-H stretch of 1° and 2° amines and amides at 3130 cm'*; aromatic C-H 
stretch, C-H stretch of alkenes at 3050 cm'*; symmetric C-H stretch o f -CH 2 , C-H 
aldehydes at 2830 cm'*; C=0 stretch of carbonyl functions (particularly aldehydes, 
ketones and carboxyl groups) at 1750 cm'*; C=C stretch of aromatics and alkenes, 
asymmetric -COO' stretch, N-H bend of 1° and 2° amines and amides at 1600 cm'*; C- 
H deformation of-C H 3 and -CH bending of CH2 at 1450 cm'*; C -0 of alcohols, ethers.
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esters, carboxylic acids, and anhydrides at 1100 cm'*; C-H out of plane bending of 
aromatics and alkenes at 980 cm'*; C-H out of plane of alkenes and aromatics at 
830 cm'*.
HPSEC analyses with UV detection indicated that all water samples had similar 
molecular weight distributions. Although high molecular weights were found in some 
sites (e.g., the Las Vegas Wash, the Colorado River, etc.), the majority o f HS was less 
than 5000, and the average molecular weights were 500 to 5500. Both recent literature 
results and this data indicate that aquatic HS are smaller and have narrower molecular 
weight range than previously believed. The low molecular weight distributions for 
aquatic HS could have important implications for water purification. In addition, 
summer average molecular weight in surface waters was 2123, twice high as the winter 
average (1094).
Structural characterization by on-line TMAH thermochemolysis GC-MS method 
showed decomposition products that belonged to different categories, e.g., fatty acid 
methyl esters (FAMEs), lignin-derived TMAH products, aromatic acids, and alkanes. 
The distributions o f lignin-derived products in summer surface waters (2002) indicated 
that the vanillyl group (V) always had higher abundance than the syringyl group (S). 
The S/V ratio ranged from 0.01 to 0.15. LVW and LWLVB waters showed higher S/V 
ratios (0.09 and 0.15, respectively), indicating higher hardwood contribution in these 
two sampling sites. Waters inside the Lake, such as LVB5.7, Intake, CB-2, and 
CR351.7, showed lower S/V ratios (ranging fi-om 0.01 to 0.03), indicating higher 
softwood components. This could imply that the closer the water to the lakeshore, the 
higher the hardwood or the lower the softwood contribution, and vice versa. Most
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winter samples had lower S/V ratios compared with summer ones. This may indicate 
that in winter the softwood contribution to HS was higher. For both seasons, relatively 
low values o f S/V were observed in comparison with others’ results (0.15 and 0.23), 
indicating dominant softwood source contributions in both seasons. These observations 
may give insight into changes in run-off contribution to DOC.
In addition, other lignin-derived products were also identified, such as methoxy 
benzene, dimethoxy benzenes, and trimethoxy benzenes. For most o f the sampling sites, 
the monomethoxy benzene had a lower abundance than dimethoxy benzenes, and 
dimethoxy benzenes had lower abundance than trimethoxy benzenes. There was a 
pattern found in the water samples collected fi-om sources and lakeshore. The water 
fi-om the sources or close to the lakeshore showed lower abundances of these 
compounds than those toward the center o f the Lake.
Lipid analysis in the particulate fraction showed that fatty acids identified 
ranged from Ce to Cig with a stronger even carbon-numbered signature in the C # -  Cig 
region, which were accompanied by several mono-or poly-unsaturated and branched 
chain isomers. The Cm -  Cig distribution reflects an input fi-om bacteria and plants. For 
both Cie and Cig fatty acids, summer samples had higher abundances than winter ones. 
The seasonal variations could be caused by the temporal change of their autochthonous 
sources, including fi*esh and detrital phytoplankton, zooplankton, and bacteria. Lipid 
concentration results confirmed this observation.
When fatty acid distribution patterns were compared for both dissolved and 
particulate fractions, it was found that for most of the samples there were differences in 
composition and abundance between the two fractions. Dissolved fi-actions always had a
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broader distribution of fatty acids than particulate fractions. The possible reasons could 
be that the fatty acid quantities analyzed in the particulate fraction were too low to 
provide reliable results, and that the biosynthesized fatty acids are somewhat selectively 
incorporated in different fractions and there is selective (bio) degradation affecting their 
distribution.
Correlation analyses revealed results that were consistent with previous studies, 
such as DOC concentration increases with fluorescence intensity; DOC decreases with 
the percentage o f big molecules (MW > lOK) and increases with the percentage of 
small ones (MW < 500); fluorescence will decrease with increasing molecular size of 
HS; spectroscopic feature E2/E3 positively correlates with the percentage of bigger 
molecules (MW > lOK or 5K -  lOK), which roughly confirmed others’ published 
observations that fluorescence intensity and absorbance are directly proportional to the 
contents o f fulvic acid (MW 500 -  2K) and humic acid (MW 2K -  5K), respectively. In 
addition, some unexpected observations were also obtained, such as: SUVA254 and S273 
decreased with increasing DOC content; significant correlations exist between the 
quotient E4/E6 and molecular weight; negative correlations between DOC and the 
percentage o f MW of 500 -  5K are contradictory with our results that the bulk of HS 
was less than 5K, and the average molecular weights were 500 to 5500.
Overall, the HS samples from the four sources (especially the Las Vegas Wash), 
near the confluence of the Las Vegas Wash in Las Vegas Bay, and close to the 
lakeshore have been found to have different properties compared with those toward the 
center o f the Lake. Waters in the main body of the Lake are relatively homogeneous.
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9.2 Recommended Future Work 
Future work will focus on the exploration of new solid phase extraction 
materials and reverse osmosis method to further reduce the artifacts associated with 
concentration and isolation of aquatic HS, the semi- and quantitative characterization 
and NMR and *H NMR measurements of more stmctural units associated with 
dissolved and particulate organic carbon fractions by collecting larger volumes o f water 
samples, the interactions of aquatic HS with organic and inorganic contaminants in the 
Lake (such as endocrine-disrupting compounds, pharmaceutically active compounds, 
personal care products, Pb, and Hg, etc.), and the relationship of organic matter in both 
aquatic and sediment phases.
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APPENDIX 1
Table A-1 Physical Properties of Winter Samples (January 2003)*
Sample T(°C) pH Conductivity
(pS/cm)
DO
(mg/L)
DO- 
% Sat.**
1. LVW (Surf.) - - - - -
2. LWLVB (Surf.) 16.16 7.98 2360 8.99 93.5
3. LVB 2.7 (Surf.) 13.47 8.08 1025 9.00 87.9
4. LVB 2.7 (4m) 13.41 8.09 1025 8.63 84.1
5. LVB 2.7 (15m) 14.02 8.01 1370 8.51 84.2
6 . LVB 5.7 (Surf.) 13.48 8.10 986 8.92 87.1
7. INTAKE (Surf.) 13.78 8.10 933 8.60 84.5
8 . INTAKE (18m) 13.59 8.12 985 8.34 81.6
9. INTAKE (36m) 13.58 8.12 986 8.47 82.8
10. INTAKE (57m) 12.94 7.87 973 6.54 63.0
ll.BB-7(Surf.) 13.78 8.07 907 8.62 84.6
12. CB-2 (Surf.) 13.63 8.06 972 8.73 85.5
13. CR351.7 (Surf.) 13.67 8.03 973 8.69 85.2
14. Hoover Dam (Surf.) - - - - -
15. CR355.75 (Surf.) 13.61 8.02 970 8.57 83.9
16. CR355.75 (17m) 13.61 8.03 970 8.52 83.4
17. CR355.75 (36m) 13.56 7.99 962 8.14 79.6
18. CR355.75 (121m) 11.55 7.68 926 5.28 49.3
19. Virgin River (Surf.) - - - - -
20. Muddy River (Surf.) - - - - -
21. Colorado River (Surf.) - - - - -
*: All data were obtained in the sampling field. 
**: Saturation
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APPENDIX 2
Figure A-1 Synchronous Fluorescence Spectra of Winter Surface Samples
(January 2003)
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APPENDIX 3
Depth Profiles of Synchronous Fluorescence Spectra
Figure A-2 -  Figure A-3
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APPENDIX 4
Seasonal Variations of Synchronous Fluorescence Spectra 
Figure A-4 to Figure A-20
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Figure A-4 Seasonal Comparison of LVW Samples
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APPENDIX 5
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APPENDIX 6
Calculations of Average Molecular Weight and Molecular Weight Distributions 
Using MathCAD™ Software (Colorado River Winter Sample)
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APPENDIX 7
HPSEC Chromatograms
Figure A-22 to Figure A-24
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Figure A-22 Depth Profiles of HPSEC Results at LVB 2.7 Site (June 2002)
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APPENDIX 8
TMAH Thermochemolysis GC-MS Chromatograms
Figure A-25 to Figure A-45
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Figure A-25 TMAH GC-MS Chromatograms of LVW Samples
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Figure A-26 TMAH GC-MS Chromatograms of LWLVB Samples
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Figure A-27 TMAH GC-MS Chromatograms of LVB2.7 (Surface) Samples
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Figure A-28 TMAH GC-MS Chromatograms of LVB2.7 (4m) Samples
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Figure A-29 TMAH GC-MS Chromatogram of LVB2.7 (13m) Sample
in Winter (January 2003)
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Figure A-30 TMAH GC-MS Chromatograms of LVB5.7 (Surface) Samples
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Figure A-31 TMAH GC-MS Chromatograms of Intake (Surface) Samples
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Figure A-32 TMAH GC-MS Chromatogram of Intake (18m) Sample 
in Winter (January 2003)
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Figure A-33 TMAH GC-MS Chromatograms of Intake (36m) Samples
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Figure A-34 TMAH GC-MS Chromatogram of Intake (57m) Sample 
in Winter (January 2003)
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Figure A-35 TMAH GC-MS Chromatogram of BB-7 Sample 
in Winter (January 2003)
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Figure A-36 TMAH GC-MS Chromatograms o f CB-2 Samples
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Figure A-37 TMAH GC-MS Chromatograms of CR351.7 Samples
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
185
2E+7-
2E+7-
6E+6-
700 875 1225 1400 15751050
Scan Number
(a) Summer Sample (June 2002)
4E+7-
3E+7-
% 2E+7-
1400 1575700 875 1050 1225
Scan Number
(b) Winter Sample (January 2003)
Figure A-38 TMAH GC-MS Chromatograms of Hoover Dam Samples
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Figure A-39 TMAH GC-MS Chromatograms of CR355.75 (Surface) Samples
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Figure A-40 TMAH GC-MS Chromatogram of CR355.75 (17m) Sample
in Winter (January 2003)
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Figure A-41 TMAH GC-MS Chromatogram of CR355.75 (36m) Sample
in Winter (January 2003)
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Figure A-42 TMAH GC-MS Chromatogram of CR355.75 (121m) Sample
in Winter (January 2003)
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Figure A-43 TMAH GC-MS Chromatogram of Virgin River Sample 
in Winter (January 2003)
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Figure A-44 TMAH GC-MS Chromatogram of Muddy River Sample 
in Winter (January 2003)
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Figure A-45 TMAH GC-MS Chromatogram of Colorado River Sample 
in Winter (January 2003)
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